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Abstract

NMR microscopy is routinely employed in fields of science such as biology, botany, and materials science to observe magnetic

parameters and transport phenomena in small scale structures. Despite extensive efforts, the resolution of this method is limited

(>10lm for short acquisition times), and thus cannot answer many key questions in these fields. We show, through theoretical

prediction and initial experiments, that ESR microscopy, although much less developed, can improve upon the resolution limits of

NMR, and successfully undertake the 1lm resolution challenge. Our theoretical predictions demonstrate that existing ESR tech-

nology, along with advanced imaging probe design (resonator and gradient coils), using solutions of narrow linewidth radicals (the

trityl family), should yield 64� 64 pixels 2D images (with z slice selection) with a resolution of 1� 1� 10lm at �60GHz in less than

1 h of acquisition. Our initial imaging results, conducted by CW ESR at X-band, support these theoretical predictions and already

improve upon the previously reported state-of-the-art for 2D ESR image resolution achieving �10� 10lm, in just several minutes

of acquisition time. We analyze how future progress, which includes improved resonators, increased frequency of measurement, and

advanced pulsed techniques, should achieve the goal of micron resolution.

� 2003 Elsevier Inc. All rights reserved.
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1. Introduction

NMR microscopy is a well-established field of sci-

ence, which employs the techniques of MRI with large

gradients in high magnetic fields to enable high image

resolution [1]. The state-of-the-art of today�s NMR mi-

croscope achieves voxel resolution of �[3.5 lm]3 in a

liquid, at a frequency of 400MHz after �30 h of data

acquisition [2]. NMR microscopy in the solid state

achieves voxel resolution of �[150 lm]3 [3,4] and also
requires several hours of data acquisition. Commercial

NMR microscopes are available from several vendors

and are used for characterization of tissues with fine

structures, non-invasive tracing of plant metabolism,

investigation of transport phenomena, histological-like

applications and more [5,6]. While the field of NMR

microscopy is well developed, ESR microscopy is a

largely unexplored area. Most of the efforts with respect
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to ESR imaging are directed towards imaging of large

biological objects [7–10] and determining the radical and
oxygen concentration (by its effect on the radical line-

width). Such experiments, conducted in-vivo, employ

low fields of �10mT at low RF frequencies, where the

RF energy penetrates well into the biological object.

Consequently, a typical voxel resolution in low fre-

quency ESR experiments is ca. [2mm]3. Most of the low

field imaging techniques are based on CW detection

while applying static gradients in various directions with
respect to the object (the so-called back-projection

technique). However, some techniques use a single pulse

FID sequence in conjunction with pulsed and static

gradients [10].

In contrast to the recent advances in low frequency

ESR imaging, high frequency ESR imaging, directed to

microscopy, is not well developed. The reasons may be a

combination of technical difficulties and the lack of
scientific interest. In our opinion, the main problem is

that above a certain ‘‘threshold’’ of reasonable imaging

time (several minutes to an hour) and without having a
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minimal appropriate spatial resolution (�1–10 lm), the
range of potential applications is limited. Thus, for ex-

ample, only when a sub-cellular resolution is achieved

(where human cells typically range in size from 10 to

100 lm), one can have unique information based on the

ESR imaging technique, which may further advance

biophysical research. As we shall see below, ESR im-

aging at sub-cellular resolution, in acceptable measure-

ment time is challenging, since it requires the use of
advanced resonators, state-of-the-art data acquisition

techniques, highly efficient gradient coils, and the use of

unique radicals that have long T2s and are stable in bi-

ological/botanical specimens. Thus, all these challenges

must be addressed in order to achieve (sub)micron res-

olution, and thereby make of ESR microscopy a viable

analytical tool.

At this point, we summarize the key accomplishments
that were achieved in the past with respect to high res-

olution ESR imaging. In CW techniques, the modulated

field gradient method [11] is best suited for microscopic

purposes due to its relatively small image artifacts and

the low sensitivity to nonlinearity of the gradients, as

compared to the more common projection reconstruc-

tion method. Employing the modulated field gradient

method, a resolution better than �10 lm was achieved
in one dimension [11,12], whereas 2D images exhibit

resolution of �[100 lm]2 [13]. The CW technique with

static magnetic field gradients, achieved a resolution of

�10 lm for 1D experiments [14] and the 2D resolution,

employing CW with projection reconstruction, is of the

order of �[100–200 lm]2 [15].

Pulsed ESR imaging techniques require fast gradient

switching and spin probes with sufficiently long T2. Key
work in pulsed high resolution ESR microscopy was

therefore conducted with a (FA)2X crystal, which is a

unique organic conductor, having T2 of �6 ls at room

temperature. Using this material, one-dimensional im-

aging with �10 lm resolution was reported for pulsed

X-band [16]. Low-frequency pulse RF ESR, employing

standard NMR microscopy gradients, achieved 2D and

3D images with resolution of �[20–30 lm]3 [17,18] after
�10 h of data acquisition. The unique crystals used in

these experiments and the long acquisition time for 2D/

3D images are not attractive for biophysical, botanical,

and many other potential applications. An early 1D

imaging work at high field (5 T, 140GHz) achieved

a resolution of �200 lm, limited by the gradient system

[19]. One should also note the early efforts in pulsed

X-band spin-echo imaging [20].
Other new methods for magnetic resonance detec-

tion, applicable to imaging, include Hall detection [21],

miniature microwave scanning probe [22], magnetic

force detection [23], and STM-ESR [24]. The first two

methods operate at the micron scale but both have ra-

ther low spin sensitivity, with the second method suf-

fering from non-symmetrical image resolution. The
third and especially the fourth methods feature high
detection sensitivity, but operate at the nanometer/single

molecule regime, rather than at the micron scale. Con-

sequently they require unique sample preparation

methods, are too fine grained, and thus, not useful for

most of the applications discussed here.

In this study we present some of the reasons to strive

for high resolution ESR microscopy. We describe the

theoretical limitations and the technical problems in
achieving high resolution ESR images and present our

preliminary experimental efforts. At this stage of devel-

opment, we have obtained 2D images with a resolution

of �[10 lm]2 employing the modulated field gradient

method. In contrast to the previous work on ESR mi-

croscopy noted above, which dealt with high spin con-

centration phantoms, we focus our theoretical and

experimental efforts on samples with low spin concen-
trations in solution. These are more relevant for the

applications discussed here. Nevertheless, we do present

some imaging examples of high spin concentration

phantoms, which help to characterize our system�s
capabilities.
2. Research motivation

Of a number of applications that can benefit from the

development of an ESR-based microscope, we mention

just a few:

1. Measurements of oxygen concentration in model

systems and living cells [9]: The concentration of oxygen

is one of the most important variables in many physio-

logical, pathological, and therapeutic processes. As the
terminal acceptor in the electron transport chain, O2

plays a critical role in cellular metabolism. ESR imaging

techniques can indirectly measure O2 concentration via

its effect on the radical linewidth.

2. Sub-cellular resolution of in vitro molecular im-

aging: Molecular magnetic resonance imaging (ter-

medmMRI) is an emerging field, which exploits the

capabilities of commercially available MRI and NMR
microscopy systems together with newly synthesized

contrast agents, that attach to a specific molecule or

genetic sequence of interest and enable one to identify its

presence and location [25–27]. This field of research has

applications ranging from medicine and biology to

botany and chemistry. The availability of an ESR mi-

croscopy technology would certainly stimulate new ap-

plications based on the use of paramagnetic probes. The
probes, which would attach to the molecules of interest,

will enable far greater spatial resolution due to the high

ESR spin sensitivity and the avoidance of an unwanted

signal from the bulk of the sample, (e.g., water in

NMR).

3. Functional imaging of plants [28]: NMR has been

used extensively in botany to examine issues such as
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water diffusion and distribution of metabolites. Similar
functions can be addressed by ESR imaging, after

treating the plant with an appropriate radical solution.

Many aspects of plant science can be explored without

the addition of stable radicals, since radicals are pro-

duced in plants naturally in a number of processes, such

as fungal infection [28]. ESR imaging techniques were

used to observe natural humic substance radicals in

seeds [29]. In addition, ESR studies have been under-
taken to determine plant membrane permeability [30].

Imaging methods in plants are performed, for example,

in conjunction with genetically transformed plants to

study the changes in metabolic pools or changes in water

flow arising from altered protein expression.

4. Imaging of radiation effects: ESR imaging has been

used for a long time in dosimetry and for assessment of

radiation damage in bones [31], and tooth enamel [32].
The information obtained by ESR imaging enables one

to determine the spatial distribution of the effects caused

by radiation, as well as to determine possible inhomo-

geneities in the imaged structure. Improved spatial res-

olution would reveal the effects of ionizing radiation on

a fine scale that is of special interest in this research area

[33,34].

5. ESR imaging of chemical reactions: ESR imaging
has been used to evaluate polymer degradation [35,36],

to enable in situ observation of spatial distribution of

paramagnetic species (such as reactants, products, and

intermediates) in catalyst systems, monitor the diffusion

in a catalyst pellet, and characterize the poisoning in

micro fixed-bed reactors [37]. In addition, ESR imaging

was used to explore other chemically related processes

such as annealing under a thermal gradient [38]. Again,
this line of research would be likely to benefit from the

availability of an ESR-based microscope with enhanced

sensitivity and improved spatial resolution.

6. ESR imaging of microviscosity in living cells: The

effect of microviscosity differences may be the basis for

several physiological differences between tumors and

normal tissues, with the likelihood of stimulating a

higher growth rate in tumor tissue. ESR has been suc-
cessfully applied to characterize such effects [39]. In a

similar application, ESR imaging has been used to

evaluate in vitro the permeability of dental hard tissue to

water [40]. Extensive research has also been conducted

employing micro ESR imaging (20 lm 1D resolution)

for the evaluation of radical diffusion in human skin,

providing information about the micro- and macro-

molecular environments [12]. Similar and more elabo-
rate studies can benefit from the proposed microscope,

especially from the ability to apply high amplitude

pulsed gradient spin-echo methods, which yields the

diffusion constants of the imaged substance [1].

7. ESR imaging in materials science: Several impor-

tant applications in materials science have already been

addressed by ESR imaging [41]. These include, for ex-
ample, 1D ESR imaging of conducting and lossy-di-
electric samples [42], an ESR imaging study of the

distribution of paramagnetic centers in thiokol–epoxy

hermetics [43], the study of material porosity [44], ob-

servation of diamond defects [45], and analyzing poly-

mers and other solid material [46]. This vast field of

application relies both on the detection of naturally

occurring free radicals and radicals which are adminis-

trated as part of the imaging process.
8. ‘‘Traditional’’ NMR microscopy applications: In

addition to all the above-mentioned applications, ESR

microscopy has the potential of being used in areas

currently addressed only by NMR microscopy. The in-

creased resolution of the proposed microscope would

make the ESR-based method more attractive for the

investigation of issues such as ‘‘histological-like’’ appli-

cations [6], studies of flow in biological, botanical, and
other media [47], medical-clinical related in-vitro mea-

surements of cartilage degenerative diseases [48], and a

combination of fluorescence optical microscopy and

NMR microscopy for inspection of cells [49].

The above applications represent only some examples

from the wide literature on the subject. The bottom line

is that ESR microscopy is currently insufficiently de-

veloped: it certainly is not available commercially, and it
provides the potential user with only limited resolution

and sensitivity. The development of adequate ESR mi-

croscope technology would likely stimulate additional

applications, which are hard to predict at the present

time, just as is often the case with the introduction of

new technologies.
3. The theoretical limitations of ESR microscopy

We shall now examine theoretically the factors which

determine the resolution in ESR microscopy experi-

ments with respect to common CW and pulse tech-

niques.

3.1. CW method

As was stated above, the preferred method to ac-

quire the ESR image is the modulated field gradient

method [11]. This method is based on applying mod-

ulated gradient fields on the sample in all imaged di-

mensions so that at every instant, only one voxel is

subjected to a vanishing modulated field and all other

voxels are over-modulated by the high amplitude
modulation signal. The image is acquired by sequential

change of the nodal point of the modulated fields, to

enable acquisition of the signal from the various voxels

of the sample. Using this method, there are basically

two main limiting factors for image resolution: the

single voxel signal-to-noise-ratio (SNR) and the am-

plitude of the gradient required to suppress the signal
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Fig. 1. (a) Calculated CW X-band SNR for a 1 [lm]3 deoxygenated

sample of protonated trityl radical (Tris(8-carboxyl-2,2,6,6-tetrame-

thylbenzo-[1,2-d;4,5-d 0]bis[1,3]dithiol-4-yl)tri-sodium salt) in a con-

centration of 1mM, and viscosity of 1 cP (cf. Eq. (5)). The calculations

were performed for different values of the applied microwave power, as

marked on the figure and represented by the different line styles. The

values of T1 � 12:8 and T2 � 3:3ls were determined employing a

17.2GHz FT-ESR spectrometer [71] and were used throughout the

calculations. Additional parameters taken in the calculation were

Qu ¼ 2000; acquisition time constant of 0.1 s (i.e., Df ¼ 10Hz) and

T ¼ 300K. The sample volume contains �6� 105 spins. (b) The same

as in (a), but for Q-band. The vertical arrow indicates in both cases a

typical active volume of the unique ferroelectric resonators employed

in this work.
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from the non-imaged voxels. Let us quantitatively an-
alyze these two factors.

For a linear detector and reflection resonator con-

figuration, the CW ESR signal from a given voxel can be

written as [50]

SCW ¼ v00gQu

ffiffiffiffiffiffiffiffi
PR0

p
; ð1Þ

where v00 is the specific resonant susceptibility of the

sample, g is the voxel filling factor, Qu is the unloaded Q
of the resonator, P is the incident microwave power, and

R0 is the impedance of the transmission line connecting

the microwave source to the resonator. To maximize the
signal of the voxel, the resonator effective volume, Vc,
should be decreased (thus, increasing g) and/or P should

be increased. However, each of these changes would

result in increased microwave power within the resona-

tor, leading to increased B1. Eventually, the sample will

become saturated, according to the expression

v00 ¼ v000 � s; s ¼ 1

1þ B2
1c

2T1T2
¼ 1

1þ C2
pPc

2T1T2
; ð2Þ

where v000 is the sample specific susceptibility at unsatu-

rated conditions, c is the electron gyromagnetic ratio,

and Cp is the resonator power conversion factor (in

T/
p
W), approximated for the average field in the

rotating frame, as [50]

Cp �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
QLl0=Vcx0

p
: ð3Þ

Since at critical coupling the loaded Q of the resonator,

QL ¼ Qu=2, and since g for a single voxel sample is in-

versely proportional to Vc, the following expression for

the ESR signal, as a function of P and Vc, is obtained:

SCW � v000g0Qu

ffiffiffiffiffiffiffiffi
PR0

p

Vc
� 1

1þ ðQul0=2Vcx0ÞPc2T1T2
; ð4Þ

where g0 is the filling factor for a single voxel sample in a

resonator with an effective volume of unity [51]. The

SNR is obtained after dividing SCW by the amplitude of

the Johnson noise in a bandwidth Df , ð4kbTR0Df Þ1=2
(resulting in the cancellation of R0 in Eq. (4)). Practical

SNR results, however, should include noise from all

other sources and also consider the losses in the detec-

tion and amplification stages [50]. To a reasonable de-

gree of approximation, both can be accounted for by

considering thermal noise that is a factor of four greater

than the ideal Johnson noise. Thus,

SNRCW � v000g0Qu

ffiffiffi
P

p

8Vc
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kbTDf

p � 1

1þ ðQul0=2Vcx0ÞPc2T1T2
: ð5Þ

Fig. 1 presents two examples for the calculated SNR as a

function of the resonator active volume, using the above
expressions for X- and Q-bands, for a [1 lm]3 sample,

placed at the center of the resonator.

Although the ultimate limiting factor in terms of

image resolution in the CW method is the SNR, the

resolution is also determined by the effectiveness of the
modulated gradient coils and therefore this factor

should be considered in more detail. The image resolu-
tion for a first harmonic recorded spectrum, employing

modulation amplitude equal to the FWHM of the ESR

signal (DB1=2), is given by [11,50]

Dz � 2DB1=2

Gz
: ð6Þ

Thus, for a radical with DB1=2 ¼ 0:01mT, a gradient of

Gz � 20T/m corresponds to 1lm resolution. For the

second harmonic signal, the resolution is a factor of �2

better [52] (at the expense of signal amplitude). We can
comment on the feasibility of obtaining such gradients

by comparison with our current gradient system (de-

scribed below) that for the X-band probe achieves a

gradient of 2.5 T/m for 1A of current and dissipates

�8W. This value corresponds to a resolution of �10 lm
for the trityl radical. For higher resolution one should

consider smaller imaging probes (at 35GHz or higher),

which could improve significantly the gradient effi-
ciency, B=I (that typically scales as � 1=r3=2, where r is a
typical distance from the coil to the sample) and reduce

the power dissipation. It should also be noted that re-

moval of heat dissipated by the gradient coils could be

further improved, resulting in the possibility of in-

creasing the gradients even further.

To summarize this part, in the CW method, the SNR

of Eq. (5) is directly related to the resolution and will
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probably be the limiting factor in terms of the achiev-
able resolution. Our calculations (Fig. 1 and Eqs. (5)

and (6)) lead to the following estimations: For 1mM

trityl-doped sample, one should obtain a 2D image,

employing z slice selection, with 64� 64 pixels in �1 h of

acquisition (Df ¼ 1Hz implies acquisition time constant

of 1 s per pixel, and this time is multiplied by the number

of pixels), with a resolution of: X-band: �10� 10�
50 lm; Q-band: �2.5� 2.5� 25 lm; and U-band
(60GHz): �1.5� 1.5� 10 lm (or �2.8� 2.8� 2.8 lm).

The estimated voxel SNR is �3 for all frequencies, and

imaging time increases linearly with the number of

voxels.

Extrapolation beyond 60GHz is questionable, since

at higher frequencies the current resonator assembly

becomes too small to handle and the microwave tech-

nology is more limited in terms of the availability of low
loss components. Also, the calculations assume that the

radical relaxation times do not change much as fre-

quency is increased. This assumption relies on previous

measurements [53] performed at 1–10GHz and our re-

sults at 17.2GHz (cf. Fig. 1 caption). However, our

initial measurements of T1 and T2 of this radical at W-

band (T1 � 1ls; T2 � 0:6ls) indicate that this trend does

not extend to higher frequencies, further affirming that
one should be careful not to extrapolate too far.

It should also be noted that our theoretical estima-

tions were made for 1mM deoxygenated protonated

trityl solution in water. Of course the SNR can be af-

fected by the changes of relaxation times caused by

radical deuteration; variation of viscosity; Heisenberg

exchange, significant at higher trityl concentrations; and

relaxation due to paramagnetic impurities present in the
specimen, e.g., oxygen. For example, deuterated trityl

has longer T2 [53]; higher viscosity will shorten T2 [53];

Heisenberg exchange will shorten T2 [54]; and oxygen

lowers both T1 and T2 [54]. We will not elaborate on

these effects in this work, which provides only rough

estimates of the resolution achievable in ESR micros-

copy.

3.2. Pulse method

In a pulsed 3D imaging experiment, the SNR per voxel

can be determined to a good approximation by dividing

the SNR of the entire sample by the number of voxels

(more accurate calculations are affected by details of the

exact acquisition technique, the distribution of the mag-

netic fields in the resonator and the data processing
techniques used to acquire the image [1], however, these

‘‘higher’’ order issues are not considered here). While the

methodology for estimating the FID or echo signal in

NMR is well established and validated [55–57], for pulsed

ESR the situation requires slight adjustments of the ex-

isting formulas. The usual formula for the signal in the

NMR literature gives the voltage produced in a coil with a
field efficiency (the field produced by a unit current),
e ¼ B1=I , due to a precessing specific magnetization M

Spulse ¼ x
Z

M � e: ð7Þ

From the voltage in the detection coil, we can use the

equivalent circuit which describes the resonator�s cou-

pling to the detector and obtain the voltage in the de-

tector, Sb
pulse, as [58,59]

Sb
pulse ¼

b
1þ b

ffiffiffiffiffiffi
R0

bR

s
Spulse: ð8Þ

Here b is the coupling to the resonator and R is the
resonator�s equivalent resistance (used also later for

noise calculations). Such formalism has been found

useful for spin-echo SNR estimation for loop-gap res-

onators, for which B1=I and R are well defined [58]. Let

us look at the more general case, which can handle any

ESR resonator (rectangular, cylindrical, dielectric, etc.)

where it is not apparent what B1=I corresponds to and

what are the equivalent R and L of the resonator.
Every resonator can be represented by an equivalent

RLC circuit, coupled to a transmission line. Following a

pulse, the signal f in the equivalent receiving coil, in-

duced by magnetization m, is given by [60]

f ¼ o

ot
ðe �mÞ: ð9Þ

On the other hand, the noise voltage is given by:

N ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kbTRDf

p
: ð10Þ

Thus, the signal-to-noise-ratio is

SNRpulse ¼
ðo=otÞðe �mÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4kbTRDf
p

¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kbTDf

p o

ot
effiffiffi
R

p �m
� �

: ð11Þ

As noted above, the field efficiency, e, corresponds to the

magnetic field in the resonator due to 1A of current.

This quantity is difficult to measure for an arbitrary

resonator, however, we do know that 1W of power

entering the resonator, under matched conditions,

would result in an effective RMS current of I ¼ 1=
p
R

produced in the equivalent RLC circuit representing the

resonator. Thus, it is clear that the amplitude of the B1

field in the laboratory frame produced by this 1W of

power is
ffiffiffiffiffiffiffiffi
2=R

p
e, and thus the field produced in the ro-

tating frame is (we avoid from here, for simplicity, the

vector notation of e, and assume it is only along one of

the transverse axes of the laboratory frame of reference)

1ffiffiffi
2

p effiffiffi
R

p
� �

� Cp: ð12Þ

The value of Cp, can be measured by standard pulse

techniques [50] or calculated using Eq. (3). By substi-

tuting Eqs. (3) and (12) in Eq. (11) and integrating over
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the entire active volume of the resonator (notice that the
magnetization m is only for a point sample and that we

ignore slight differences between the filling factor cal-

culation for CW and pulsed experiments resulting in

slightly different active volumes [61]), we can obtain the

following approximation for the FID/echo SNR (again

considering four times more noise than the theoretical

thermal noise):

SNRpulse �
Mx0

4
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kTDf

p Vc
ffiffiffi
2

p
Cp �

ffiffiffiffiffiffiffiffiffiffiffi
2l0Vc

p
x0M

8
ffiffiffiffiffiffiffiffiffiffiffiffi
kTDf

p ffiffiffiffiffiffi
QL

x0

r
:

ð13Þ
Here, M can be considered as the average specific

magnetization, which takes into consideration field in-

homogeneity within the resonator.

From Eq. (13) it is apparent that the signal of the

entire sample is directly proportional to the square root

of the resonator volume. However, for a single voxel of
constant volume (e.g. [1 lm]3), the SNR is proportional

to the SNR of the entire sample, divided by the reso-

nator volume. This means that the image SNR for a

constant voxel volume is proportional to 1=
p
Vc. Thus,

exactly as in the CW case, to improve the voxel SNR,

one has to decrease the resonator size as much as pos-

sible. Using the parameters for 1mM trityl radical (cf.

Fig. 1 caption), in an X-band resonator with active
volume of [1mm]3 and QL ¼ 500 in Eq. (13), yields the

single-shot SNR of �5000, when the resonator is com-

pletely filled with the sample. This corresponds to single-

shot SNR of �5� 10�6 for [1 lm]3 voxel. In one second

of acquisition time, this low figure can be improved by a

factor close to �1000. This is achieved by �100K–1M

averages per second, which is supported by today�s
state-of-the-art acquisition cards. Such an averaging
scheme may be based upon a CPMG sequence [62] with

�10 echoes separated by �0.2 ls. This sequence can be

repeated every T1 (�10 ls depending on O2 concentra-

tion), resulting in a total of �10� 100K ¼ 1M echoes

in 1 s. It should be noted that these SNR results for

pulsed X-band are �10 times better than the ones cal-

culated for the CW case (for 1 s of acquisition), but are

still inadequate to provide [1 lm]3 resolution in a rea-
sonable acquisition time.

Whereas the SNR is mainly concerned with the res-

onator and the radical properties, the gradients impose

an additional, almost orthogonal, technical difficulty.

The gradient system is closely related to the nature of

the imaging experiment. Therefore, let us consider for

example a typical imaging sequence, which is based on

one constant gradient and two phase gradients [18].
Similar gradients are also suitable in the case of CPMG

pulse sequences [63]. The requirement from the constant

gradient is to satisfy the condition [16]

Gz ¼
2

cDzT2
: ð14Þ
We would like to obtain high spatial resolution of at
least �10 lm along the z-axis of the sample (that is

normally along the sample tube). Therefore, the re-

quired Gz, which can be kept constant, is �0.4 T/m (for

typical trityl radical parameters, see Fig. 1 caption).

Such a gradient results in a signal broadening of

�5MHz for a �0.4mm thick sample, corresponding to

an echo width of �100–200 ns. In addition to the con-

stant z gradient, two x- and y-phase gradients should be
applied. The phase gradients should satisfy the condi-

tion [1]

Dx ¼ 1

2c=2p
R
t Gx dt

: ð15Þ

In the short time regime, where a CPMG sequence

would require gradients of length of the order of

�100 ns, then Gx � 20T/m in order to achieve 10 lm
resolution. Such gradients impose a significant technical

challenge, but are feasible based on our past experience

[64,65] especially for the small resonators considered
here. For 1lm resolution one would have to use longer

pulsed gradients, and thus reduce the number of aver-

ages in the CPMG sequence, or further optimize the

gradients efficiency based on existing methods [66–68]. A

potentially significant eddy current problem is expected

to be of minor importance for the non-metallic resonant

structure of this work.

Other limiting factors for pulsed mode of operation
may be sample heating at high repetition rate and/or

decrease of echo amplitude due to diffusion under large

gradients. Our initial estimate for these effects is that

both of them are not significant. The sample heating is

relatively small due to the efficient E=H separation in the

ferroelectric-based resonator, and due to the low pulse

power required for such resonators (having high Cp

[69]). With respect to diffusion, in contrast to NMR,
diffusion in the time scale of pulsed ESR does not result

in noticeable echo decay, at least for the gradient values

considered for 10 lm resolution. However, some echo

decay (up to 50%) may occur for the gradients corre-

sponding to 1 lm resolution. This decay can be used as a

tool to assess local diffusion and transport phenomena

in the sample, similar to the NMR methods.

To summarize this part, at pulsed X-band, the pre-
dicted achievable resolution for 1mM trityl solution is

�5� 5� 25 lm for 64� 64 pixels 2D image in less than

1 h of acquisition. At 35GHz, under similar conditions,

one should expect to obtain image resolution of:

�2� 2� 10 lm. Further extrapolation to 60GHz gives

SNR results which are only slightly better than those

calculated for the CW case at the same frequency, (the

frequency dependence is slightly different between the
CW and pulse techniques). This means that by em-

ploying a typical 3D imaging sequence ([18], see below),

a 64� 64 pixel 2D image with z slice selection, having

resolution of 1� 1� 10 lm could be produced for



Fig. 2. A drawing of the imaging probe used in this study. The SrTiO3

crystals in the center have dielectric constant of 300 in the microwave

region. Consequently, the resonating structure is just 2mm in diameter

at 10GHz. This greatly improves image resolution and sensitivity. The
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U-band in less than 1 h. As stated above, we do not see
much point in further extrapolating our estimations to

higher frequencies. These estimates can be further im-

proved by employing more asymmetric voxels (such as

in optical microscopy, which has resolution of <1 lm in

XY plane but focal depth of �30–100 lm along the Z-

axis); and by increasing sample concentration to

�2mM. It should be noted that although the SNR at U-

band is very similar, in the cases we examined, for pulse
and CW, the pulse technique is much more versatile,

yields better SNR in situations of shorter T1, and can

potentially provide more parameters of interest (trans-

port constants, homogeneous T2, contrast of T1, etc., as
routinely performed in NMR). The resolution values

presented above are derived based on the SNR predic-

tions. However, we anticipate a major technical chal-

lenge in producing the required pulsed gradients, and
that may ultimately be the limiting factor for resolution

in pulsed acquisition, rather than the SNR.

thin sample is inserted through the slit in the transverse gradient coils

to a specified position between the SrTiO3 crystals. The microwaves

enter the structure from the rear side. The coupling is adjusted by the

capacitive coupling screw in the center of the iris connecting the

waveguide to the brass body [69].
4. Experimental results

In this section, we present our initial experimental

imaging results performed by the CW method. The ex-
periments were performed using an X-band spectrome-

ter (Varian E-12) equipped with the imaging probe

shown in Fig. 2. The CW imaging probe (an ‘‘open’’

version of the resonator presented recently [69]) is based

on double stacked high permittivity rings/discs ma-

chined from SrTiO3 single crystal (Commercial Crystals,

Florida, permittivity er � 300). This non-metallic mini-

ature (�2mm in diameter and 0.55mm in height for
each ring) structure was selected due to its small size and

its ‘‘immunity’’ to the eddy current problem (for future

pulsed experiments). The design for the entire resonator

and gradient coils was conducted under the constraint

that a large (20� 4� 0.5 mm) flat sample could be in-

serted into the probe. This constraint resulted in lower

SNR compared to the case of a single ring resonator

[69,70], but with the clear benefit of the ability to ex-
amine the samples in an ‘‘optical microscopy’’ manner.

The resonator is characterized by a small ‘‘active vol-

ume’’ of �1.9mm3 and efficient E=H field separation.

Gradient coils are located at a distance of �2.5mm from

the sample, yielding high efficiency of up to 2.5 T/(m�A)

at a power consumption of �8W. The main brass body

is water cooled and the resonator rings are cooled by He

gas flow to maintain the resonance frequency within the
AFC range during the acquisition time.

A field frequency lock (FFL) system maintains the

on-resonance condition, even for narrow (<0.01mT)

lines over long acquisition times. The FFL system uses

the longitudinal gradient coils to correct for the field

changes, by applying to these coils DC bias superim-
posed on the modulated sinusoidal field. The first har-

monic of the ESR signal is used as an error signal for the

FFL system, while the second harmonic is used as the

imaging signal. All of the signal harmonics are available

by directly sampling the diode detected signal at a high

sampling rate (200KHz, using National Instruments A/

D card 6023E) and analyzing it digitally to obtain the

discrete Fourier transform coefficients of the time do-
main signal [50]. The gradient coils are driven by a si-

nusoidal current generated digitally in a PC D/A card

(model 6711, from National Instruments), with the in-

dependent control of current in each of the four coils

forming the two gradient coil pairs.

The imaging probe and acquisition algorithms were

examined for three typical cases:

(a) Grid of BDPA radical. A solid grid of BDPA free
radical (a,c-bisdiphenylene-b-phenylallyl, Aldrich) was

prepared by soaking woven Nylon mesh (Goodfellow)

with mesh aperture of 50� 50lm and wire diameter of

39 lm in saturated BDPA solution in toluene and drying

out the solvent. The sample was placed between two thin

glass cover slides and sealed under nitrogen atmosphere

with epoxy glue (Fig. 3, top). The 2D ESR images

(Fig. 3, bottom) show sufficient SNR per pixel, but
the resolution is limited by the available gradient of

�1–1.5 T/m, which, when combined with the BDPA

linewidth of �0.05–0.1mT (depending on modulation)

results in a resolution of �[50–100 lm]2 for the second

harmonic signal (Eq. (6)). Higher values of gradients

could not be reached without losing the AFC lock on

the resonator, due to limited heat dissipation of the



Fig. 3. Images of BDPA grid phantom. Top—the optical image of the phantom with circles marking the active area of the resonator, where signal is

depicted by the ESR probe and the squares mark the entire imaged area. Bottom left—a low resolution ESR image of a homogeneous part of the grid,

revealing essentially only the sensitive area of the resonator. Bottom right—a higher resolution (�[50–100lm]2) ESR image revealing the lack of

radicals in part of the grid (due to the effect of cyanoacrylate glue). At this resolution, the Nylon mesh is still not resolved. The vertical color bars

represent the relative pixel ESR signal in an arbitrary scale.
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modulation coils and the high sensitivity of the ferro-
electric resonator frequency to temperature changes [69].

(b) Trityl solution within the grid. This liquid sample

was prepared by filling the same Nylon mesh mentioned

above, with 1mM protonated trityl (Tris(8-carboxyl-

2,2,6,6-tetramethylbenzo-[1,2-d;4,5-d 0]bis[1,3]dithiol-4-yl)
tri-sodium salt, courtesy of Prof. Halpern, Chicago

Univ.) solution in water (under normal atmosphere).

This case relates directly to our calculations of the pre-
vious section with respect to SNR and image resolution.

In this imaging example (Fig. 4), the narrow linewidth of

the trityl radical (�0.2G, with modulation) results in a

resolution which can be roughly estimated from the

image (and corresponds to Eq. (6)) to be �[25 lm]2, (see

below). The sample thickness is �100 lm. The image
SNR (pixel signal vs RMS pixel noise) is �2. These re-
sults are consistent with the theoretical predictions

(Fig. 1), predicting an SNR of �12 for a 25� 25

� 100 lm voxel (for a resonator with 1.9mm3 active

volume). The discrepancies that still exist are attributed

to the following reasons: (a) the low QL of the resonator

(�250 vs. 1000 taken in the calculation, mainly due to

the effect of gradient coils and radiation losses); (b) the

limitation of the Varian detection system, which pre-
vents working at low power (�10 lW and less, cf. Fig. 1)

due to AFC limitations; (c) the short time constant (32

vs. 100ms taken in the calculation) used in the data

acquisition due to inefficient data handling in the current

architecture; (d) the acquisition of the second harmonic

signal for the ESR image using the current operation



Fig. 4. Images of the Nylon mesh filled with water solution of trityl radical. Upper left—image taken at low resolution, which reveals only the active

volume of the resonator, marked with a circle in the optical photo (a double-stacked disc resonator was employed here rather than the double-ring

resonator, used in the BDPA case, which caused the active volume to decrease, due to a more confined resonance mode). Lower right—a high

resolution image that reveals mainly the trityl within the gaps of the mesh (although water solution exists also above and below the mesh because it is

a woven 3D mesh, limiting the contrast of the image). With increased distance from the center of the image, the grid in the ESR image exhibits a

slight distortion due to non-planar nodal surface of the modulated gradient fields (this effect can be accounted for and corrected using proper

calibration of the gradient fields for a given coil setup). Lower left—optical image of the grid filled with the trityl solution (the sample is almost

transparent, but appears here slightly yellow due to the microscope light source). The vertical color bars represent the relative pixel ESR signal in an

arbitrary scale.
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mode of the FFL system. The second harmonic signal is

weaker than the first harmonic (for which the calcula-

tions were made) [50].

(c) LiPc phantom. A small phantom of LiPc (lithium

phthalocyanine radical) crystal was used to examine the

resolution limits of the current system, since it has high

spin concentration in each voxel (resulting in high SNR)
and narrow linewidth, <0.01mT (under nitrogen at-

mosphere). Fig. 5 shows a typical imaging result for this

sample, when employing gradients of �1.2 T/m. The net

image acquisition time (for 64� 64 pixels) is 2min.

However, due to limitations of the data acquisition

equipment, the experiment takes �15min. With respect

to the image resolution, a reasonable definition for res-

olution 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 esti-

mated from a 1D cut through the object, similar to what

was done in NMR microscopy [2]. Using this method,

the resolution of this image is determined to be

�[10 lm]2–[15 lm]2. These results of resolution and ac-

quisition time are, to our knowledge, the best achieved
to-date in 2D ESR imaging.
5. Conclusions

Micron resolution is highly desirable in many im-

portant magnetic resonance microscopy applications.

Conventional NMR imaging technology is mature but
has proven to be limited in the micron scale and prob-

ably could not be improved upon easily. ESR imaging



Fig. 5. Image of LiPc phantom. Upper left—high magnification optical image of the phantom, with the appropriate scaling. Right—optical image of

the phantom at low magnification, with the Nylon mesh serving as a scale. Lower left—the ESR image. A 1D cut through the ESR image (upper left)

is super-imposed on the optical image for clarity. This 1D data were used to evaluate the resolution of the ESR image (cf. text). Notice that the ESR

image does not correspond exactly to the optical image. This may be caused by an inhomogeneous distribution of radicals within the phantom

(probably due to the effect of the glue which destroyed some of the radicals in the lower part of the phantom). The vertical color bars represent the

relative pixel ESR signal in an arbitrary scale.
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may provide a solution for the problem of (sub)micron

resolution in magnetic resonance imaging. However,

existing technology needs to be further developed in

terms of resonators, gradient coils, current drivers, fast

signal acquisition/processing, and radicals. Backed by

our theoretical estimates, we have begun the journey

towards the goal of micron resolution. The initial CW
ESR 2D image resolution achieved thus far is in line

with the theoretical predictions. Current experimental

limitations could be overcome in future work, after

some necessary improvements. These improvements in-

clude: better resonators and gradient coils, efficient heat

removal, moving to higher working frequency, and the

use of advanced pulsed techniques coupled with efficient

signal acquisition systems. All these improvements, that
are actively being pursued, should ultimately help to

achieve these objectives.
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