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High-sensitivity Q-band electron spin resonance imaging system with

submicron resolution

Lazar Shtirberg, Ygal Twig, Ekaterina Dikarov, Revital Halevy, Michael Levit, and

Aharon Blank?

Schulich Faculty of Chemistry, Technion — Israel Institute of Technology, Haifa 32000, Israel
(Received 6 February 2011; accepted 28 March 2011; published online 22 April 2011)

A pulsed electron spin resonance (ESR) microimaging system operating at the Q-band frequency
range is presented. The system includes a pulsed ESR spectrometer, gradient drivers, and a unique
high-sensitivity imaging probe. The pulsed gradient drivers are capable of producing peak currents
ranging from ~9 A for short 150 ns pulses up to more than 94 A for long 1400 ns gradient pulses.
Under optimal conditions, the imaging probe provides spin sensitivity of ~1.6 x 10® spins/,/Hz or
~2.7 x 10° spins for 1 h of acquisition. This combination of high gradients and high spin sensitivity
enables the acquisition of ESR images with a resolution down to ~440 nm for a high spin concen-
tration solid sample (~10% spins/um?®) and ~6.7 pm for a low spin concentration liquid sample (~6
x 10° spins/um?). Potential applications of this system range from the imaging of point defects in
crystals and semiconductors to measurements of oxygen concentration in biological samples. © 20171

American Institute of Physics. [doi:10.1063/1.3581226]

. INTRODUCTION

Electron spin resonance (ESR) is a powerful spec-
troscopic method employed in the study of free radicals,
crystal defects, and transient paramagnetic species. ESR
is used extensively in the fields of science ranging from
physics to biology and from medicine to materials science.
In the case of heterogeneous samples one is often required
to provide ESR spectra or other ESR-related information
(such as spins concentration, relaxation times,' or even
ESR-derived diffusion>?®) in a spatially resolved manner.
This is achieved by means of ESR imaging systems. The
basic physical principles of ESR imaging are similar to the
more common nuclear magnetic resonance (NMR) imaging
[often referred to as magnetic resonance imaging—MRI]. The
main differences, however, are the time scales (nanoseconds
up to microseconds in ESR versus milliseconds in NMR), the
operating frequency (~GHz and tens of GHz in ESR versus
hundreds of MHz in NMR), and the spin sensitivity (roughly
5-6 orders of magnitude larger in ESR than NMR). (These
comparative parameters are, of course, dependent upon the
specific experimental setup, sample type and environmental
conditions,*> and are thus listed here only for general
impression). Most ESR imaging work is carried out with
ex vivo isolated organs or in vivo small animals (rats and
mice) looking at exogenous radicals with millimeter-scale
resolution.®® However, there are many applications in which
much smaller samples are involved, which in turn require a
much higher sensitivity and higher spatial resolution in the
micrometer scale and even below that.’ Such applications
are, for example, oxygen imaging in and around cells,'”
imaging of defects in semiconductors,!' observation of
material distribution and diffusion in microspheres,'? and in

®Present address: Schulich Faculty of Chemistry, Technion — Israel Institute
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the more distant future, possibly even imaging of individual
spins for quantum computing applications.'?

Recently, we were involved in the development of high-
spin-sensitivity high-resolution ESR microscopy systems,
which are aimed at approaching exactly these kinds of
applications.” %17 These systems operate both in pulsed'
and continuous wave (CW) modes'’ at room temperature.
While the CW systems are best suited for radicals having
very short relaxation times (7, < 100 ns), pulse ESR imaging
is more useful for radicals having long 7,. With pulse sys-
tem, one can achieve better sensitivity and resolution, collect
the image much faster, and in addition it can provide various
types of image contrasts (T, T,, diffusion coefficient), by a
simple alternation of the pulse imaging sequence. The highest
microwave frequency that was employed in our recent work
was ~17 GHz (in pulsed mode), with a miniature ~2.4 mm
dielectric resonator and a miniature imaging coil set located
around it.' This configuration enabled us to achieve, for solid
paramagnetic samples, a spin sensitivity of ~107 spins for
1 h of acquisition time and an image resolution slightly bet-
ter than 1 pum (using ~1 us gradient pulses with a maximum
strength of ~55 T/m)."

In order to further improve the image resolution, one
must greatly improve the spin sensitivity- or, in other words,
the signal-to-noise-ratio (SNR) of the measurement, since
there are fewer and fewer spins in each imaged voxel as its
size is decreased. Furthermore, one must increase the ampli-
tude of the pulsed gradient (which spatially encodes the sam-
ple), and if possible, make it shorter in order to enable the
observation of samples with a shorter 75. In Refs. 15 and 18,
we provide some formulas for spin sensitivity and image res-
olution for pulsed ESR imaging. The former can be expressed
by

SNRO"® second ~_ \4 2M0Ma)0 VV Qu 1
pulse ~ = ] 5 (1)
8V Ve JksT(1/nT)\ @0\ T

© 2011 American Institute of Physics
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where M is the specific net magnetization of the sample (units
of [JT~'m™3]), as given by the Curie law,'® wy is the Lar-
mor angular frequency, kg is the Boltzmann constant, 7T is the
temperature, (4o is the free space permeability, and Q, is the
unloaded quality factor of the resonator. The symbol V, repre-
sents the resonator’s effective volume,” !> 1820 which is equal
to the volume of a small hypothetical sample V, (for example,
[1 um]®) usually located at the point where the resonator’s
microwave magnetic field is maximal, divided by the filling
factor?! of this small sample.” Here we assumed an averag-
ing with a repetition rate equal to 1/7} for SNR improvement
and that the bandwidth of excitation is chosen to match the
linewidth of the imaged paramagnetic species in the sample,
Af =1/nT).

The image resolution for an imaging sequence employ-
ing pulsed field gradients for phase-encoding (see also Fig. 5
below) is given by*??

1

Ax = (v/27) [, Gydt’

@)

where y is the electron’s gyromagnetic ratio and Gy is the
time-dependant pulsed field gradient’s magnitude (at maxi-
mum gradient strength).

As noted in our previous work, '3 there is a sharp depen-
dence of the single-voxel SNR on the microwave frequency.
This is evident from Eq. (1) in which there is an explicit de-
pendence of w,'"? and additional implicit dependencies of wq
in M (due to the Curie law) and an o' implicit dependence
in 1/,/V. (since V. is proportional to the wavelength A3, which
is ~1/wy?), leading to an overall expected dependence of up
to ~w> for the single-voxel SNR versus frequency. The im-
age resolution can also greatly benefit from an increase in the
microwave frequency, because the applied gradient, Gy, can
be much larger if the gradient coils are made smaller. For ex-
ample, both for Maxwell pair and Golay gradient coils, the
gradient efficiency, n, expressed in T/m A, is related to their
linear dimension, a, as 7 ~1/a* 3 This corresponds to an
expected frequency dependence of 1 ~wy?, since the linear
dimensions of the imaging probe are inversely proportional
to the frequency. Furthermore, smaller coils mean smaller
inductance—Ileading to the possibility of applying shorter gra-
dient pulses, which facilitate the imaging of spin probes with
a short relaxation time 7.

In view of the above, it is clear that there is a significant
incentive to increase the magnetic field (i.e., the microwave
frequency) of the ESR microimaging system in order to im-
prove both sensitivity and image resolution. We have, there-
fore, taken the initiative of further advancing the field of ESR
microscopy by developing a Q-band (~35 GHz) pulsed sys-
tem. This system should enable, according to Eqgs. (1) and
(2), to improve sensitivity relative to the 17 GHz system by
a factor of up to 8, and three-dimensional (3D) resolution
by a factor of up to 2 or 4 (depending on whether we are
SNR limited or gradient-strength limited, respectively). Here
we present the various components and the detailed design
of this new Q-band microimaging system that currently op-
erates only around room temperature. Furthermore, we pro-
vide both theoretical and experimental data regarding the spin
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FIG. 1. Block diagram of the entire Q-band ESR microimaging system

sensitivity of the new Q-band probe, the strength of gradients,
and the available imaging resolution.

Il. The Q-BAND ESR MICROIMAGING SYSTEM

Figure 1 presents an overall block diagram of the en-
tire ESR microscopy system. It is based on both commercial
and homemade main modules and submodules. The system
is constructed from the following main modules: (a) per-
sonnal computer (PC) which supervises the image acquisi-
tion process through LABVIEW (National Instruments), MAT-
LAB (Mathworks) and c++ (Microsoft) software. The PC
includes: (b) two timing cards—one is a PulseBlasterESR-
Pro from SpinCore, which has 21 TTL outputs, time resolu-
tion of 2.5 ns and a minimum pulse length of 2.5 ns, and the
other is PulseBlasterUSB, also from SpinCore, which has 24
TTL outputs with time resolution of 10 ns; (c) an 8 bit dual-
channel PCI-format digitizer card for raw data acquisition and
averaging, with a sampling rate of 500 MHz and averaging
capability of up to 0.7 M waveforms/s (AP-235, Acqiris); (d)
two PCI analog output cards, each having eight outputs with
16 bit resolution (PCI-6733, National Instruments); and (e) a
general purpose interface bus (GPIB) control card (National
Instruments). The microwave part of the system includes: (f) a
microwave reference source (HP8672A) with a power output
of 10 dBm in the 2—18 GHz range; (g) a homebuilt pulsed
microwave bridge containing: (h) a 6-18 GHz low power
transceiver and (i) a 33-36 GHz frequency block converter
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FIG. 2. Block diagram of the microwave bridge module. The bridge is comprised of a base-band unit (a) that operates in the 6—18 GHz range and an up-/down-

converter unit (b).

(homebuilt). The gradient drivers’ module (j) is a complex
array of the following submodules. It contains (k) high-
voltage power supplies (Lambda GEN600-2.6), each with a
1.6 kW output, with voltages of 4625 and—515 V [supplies
(1) and (m)] and another of +625 V [supply (n)]. In addition,
there are two high-voltage preregulators (homemade), one
that works up to a voltage of +625V/—515V, for the X and Y
gradients (p) and the other, for the Z gradient (q), working up
to 4625 V. The outputs of these regulated supplies go to the
gradient coils drivers’ module (r). This module contains two
pulsed drivers for the X and Y coils—one with small capaci-
tors (s) for relatively short pulses and small currents, and one
with large capacitors (t) for relatively long gradient pulses and
high current. A similar pulsed drive is also provided for the
Z gradient coil (u), but only with positive charge voltage. In
addition, this module also contains a low-current/low-voltage
drive to the Z coil for supplying the latter with a constant gra-
dient and also for supplying the field-frequency lock coil with
dc current drive (v). This enables locking the local field in
the probe to the resonance field of the sample, regardless of
possible external fields or frequency drifts in the system. (see
below for explanations regarding possible gradient drives to
the Z coil.) The microwave and gradient currents go directly
to the homebuilt microimaging probe (w). Finally, we have a
magnetic field controller (x) (Lakeshore model 475) that sta-

bilizes the magnetic field in the magnet (10in. variable gap
from GMW) through the current drive in the magnet power
supply (y) (Walker HS-75150-3SS). A monitor scope is em-
bedded as part of the system to examine its variety of analog
pulses and digital triggers (z).

We now provide more details regarding the homebuilt
modules and submodules.

A. Microwave bridge

Figure 2 provides a block diagram of the microwave
bridge, while Tables I and II list its components. The
6-18 GHz transceiver [Fig. 2(a)] generates microwave pulses
with timing and controlled phase as dictated by the com-
puter software. When the system is operated at the 618 GHz
range, the output of the transceiver goes directly to the res-
onator, marked as 11a in Fig. 2(a) In the present work, the
pulses coming from this transceiver (which are commonly in
the 8—11 GHz range during Q-band system operation) are up-
converted by mixing them with a 25 GHz local source, up
to the Q-band frequency range in the block converter sub-
module. Following the up-conversion, the microwave pulses
are amplified and directed into the imaging probe (marked
as item 8 in Fig. 2(b)—the Q-band resonator). The returning
ESR signal from the probe is amplified by the block converter
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TABLE 1. Microwave components of the 6-18 GHz module in the mi-
crowave bridge.

Rev. Sci. Instrum. 82, 043708 (2011)

TABLE II. Microwave components of the Q-band up-/down-converter
module in the microwave bridge.

Item number in Fig. 2(a) Item description

Item number in Fig. 2(b) Item description

Signal generator (HP 8672A)

2 Driver and power divider
(homemade printed circuit)
2a Amplifier (Agilent AMMP 5618)
2b Tx directional coupler 10 dB
2¢c Tune mode directional
coupler 30 dB
2d. Tune mode variable attenuator
(Hittite HMC346)
2e Tune mode switch (Hittite HMC 547)
3 Quadrature phase shifter
(Miteq DPS-0618-360-9-5)
4 Tx variable attenuator
(General Microwave D1958)
5 Tx preamplifier (Pasternack PE-1523)

Tx high-speed PIN diode
switch (American Microwave
Corporation SWN-AGRA
-1DR-ECL-GAKO-LVT)

7 Tx power amplifier (Quinstar
Technology QPJ-06183640-A0-)

8 Tune mode combiner (Narda 4246B-20)

9 Rx defense switch 1 (American
Microwave SWG218 — 2DR-STD)

10 Circulator (Pasternack PE-8304)

11 Two possible connection options:

11a Dielectric resonator

11b Q-band up- / down-converter

12 Rx defense switch 2 (American
Microwave SWG218-2DR-STD)

13 LNA amplifier (Phasel SLL83020)

14 Rx variable attenuator
(General Microwave D1958)

15 1Q demodulator (Marki IQ0618-LXP)

16 Baseband amplifiers

(Analog Modules 322-6-50)

submodule and then converted back to the frequency range
of 6-18 GHz (in practice, 8—11 GHz, corresponding to the
33-36 GHz range). These signals are then amplified and
mixed with a reference source to provide a phase-sensitive
ESR signal that can be further digitized by the computer. An-
other mode of action of the microwave system is called “tune-
mode” in which a low-power CW is transmitted to the probe
and the returned signal is monitored as a function of frequency
to provide the reflection coefficient of the resonator as a func-
tion of frequency. This mode currently works only for the 6—
18 GHz system and has not been implemented yet in the Q-
band system.

B. Gradient drivers’ module

This module [marked as (j) in Fig. 1] includes nine sub-
modules that facilitate the generation of a wide variety of gra-
dient current drives, mainly including powerful short-gradient
pulses. The X and Y gradients’ drive is produced by five of
these submodules. They include two high-voltage/high-power

1 Circulator (Pasternack PE-8304)

2 Q-band up- / down-converter
(Spacek Labs TR35-10PLO):

2a 12.5 GHz crystal (100 MHz)
stabilized PLO

2b 25 GHz x 2 multiplier

2c WR28 power divider

2d LO low pass filter

2e Up-converter mixer

2f RF bandpass filter

2g Tx amplifier (34 dB gain, 424 dBm)

2h PIN switch Rx protect

2i LNA (45 Db gain, 2.5 dB NF)

2j Variable Rx gain attenuator

2k Down converter mixer

21 LO low pass filter

3 Tx pin switch (Millitech PSH28)

4 Tx manual variable
attenuator (Dorado VA28)

5 Tx power amplifier (Quinstar
QPN-34033640130)

6 Rx protect pin switch 1 (Hughes

47971H + Millitech PSH28)
Wr28 circulator (Hughes 45161H)
8 Q-band resonator

dc power supplies that are set to +625 V and —515 V. These
power supplies feed the preregulated power supplies that pro-
vide variable voltage based on an analog input from the com-
puter. The basic schematics for one of these preregulated sup-
plies (there is one for X and the other for Y, both located in
the same submodule enclosures), is shown in Fig. 3(a) They
can supply currents of up to 10 A and their voltage can change
from 0 to 6250 V (or —515 V) in a few microseconds (accord-
ing to the input voltage from the computer). The outputs of
theses preregulated power supplies serve as input for the half-
sine coil drivers. We have two types of half-sine submodule
drivers in our system. One is for producing relatively short
pulses with relatively small currents (from 150 ns and 9 A, up
to 500 ns and 33 A, when connected to a nominal 0.6 Q2 2.75
1H coil) and the other is for producing relatively long gra-
dient pulses and high peak currents (750 ns and 50 A, up to
1400 ns and 94 A). These half-sine drivers are based on the
principle of charging a capacitor and then discharging it into
the gradient coil, as described by Conradi and co-workers.>* A
recent publication by our group provides more details about
this new version of the pulsed driver, including detailed re-
sults of electrical tests that were made with it.>> As for the
drivers of the Z coil, there are three different possibilities for
it, facilitating the use of the imaging sequences, as described
in Fig. 5 The first option is to use another 625 V power sup-
ply to control a preregulated power supply, similar to the one
described in Fig. 3(a) but with a positive output only. This
voltage can, again, be used to feed a separate half-sine driver
dedicated to the Z coil that has similar capabilities to the one
mentioned above, but with just half the current (due to the
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FIG. 3. (a) Basic schematic of the preregulated supplies used as part of the gradient drivers’ module. These are bipolar units that receive a differential analog
input from the computer in the range of £8 V and amplify it by a factor of ~80. (b) Basic schematic of the rectangular current pulse driver. This unit also
receives a differential analog input from the computer, which determines the amplitude of the current into the gradient coil (up to 10 A).

positive-only supply it receives). A second option is to put a
constant current drive into the Z coil. This is executed by an-
other submodule using the electronic circuit described in Fig.
5 of Ref. 16. Such a constant drive can produce up to 3 A
of current. A third option is to use a fast rectangular current
pulse driver that can deliver up to 10 A of current into the
Z coil, for a duration of ~2—-10 us with typical rise and fall
times of ~1 us. This greatly reduces the average power dissi-
pation in the gradient coils and, thus, enables one to increase
significantly the gradient magnitude. The schematic diagram
of this rectangular current pulse driver is shown in Fig. 3(b)

C. Microimaging probe

The overall structure of the microimaging probe is shown
in Fig. 4 The heart of this probe is a miniature microwave
dielectric ring resonator [Fig. 4(b)]. It is made of a rutile
(TiO,) single crystal (MTI corporation, CA, USA) machined
to a diameter of 1.3 mm and a height of 0.22 mm, with center
hole diameter of 0.6 mm. The resonator is fed by a loop at the
end of a coaxial semirigid line (0.d. 0.85 mm) as shown in
Fig. 4(b) The resonator is excited to its TEg;s resonance
mode?® with the microwave magnetic field distribution of
this resonance mode shown in Fig. 4(c) The semirigid line
is connected to the microwave bridge by a standard WR-28
waveguide through a waveguide-to-coax adapter. The relative

position of the coaxial line with respect to the resonator ring
can be adjusted by manual XY stages (MDE261-NM and
MDE265-NM from Elliot Scientific, UK). The resonance
frequency of the resonator was found to be 33.84 GHz and its
loaded Q-factor (measured by a microwave vector network
analyzer—Agilent E8361A) was Qp, = 455 (= Q,/2 at critical
coupling) when it was placed in a cylindrical brass shield
with 2.8 mm i.d. This Q value is for an empty resonator
and it does not change much when a nonlossy sample is
inserted to it. When the brass shield is replaced by a thin,
1 pm gold gradient-coil shield [see Fig. 4(d)], the Qp value
drops to ~170, probably due to some radiation losses. The
field distribution shown in Fig. 4(c) is for 1 W of input power
and thus can be used to calculate the conversion factor from
microwave power to magnetic field, which is found to be C,
= 21 G/\/W (in the center of the resonator). The measured
value was found to be ~8 G/,/W, based on the optimization
of the signal after a /2 pulse of 30 ns while measuring the
incident power at the output of the bridge. The reasons for the
relatively low measured value (compared to the calculation)
are probably losses and impedance mismatches from the
bridge output to the resonator, as well as an actual Q value
lower than the calculated one. The resonator’s effective
volume, V, (see above), is calculated to be ~0.51 mm?, also
based on the field distribution as shown in Fig. 4(c)
Surrounding the resonator [Fig. 4(d)] there is a cylindri-
cal shield with an i.d. of 2.5 and an o.d of 2.8 mm, made of
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DC/FFL
__ Shied

FIG. 4. (Color) (a) Schematic drawing of the imaging probe. (b) Enlarged image of the area in the probe where the sample is positioned, inside the resonator
and at the center of the gradient-coil structure [this structure is removed from drawing (b) for clarity]. (c) Microwave magnetic field spatial distribution in the
XY plane of the resonator. (d) Schematic drawing of the gradient-coil structure in the microimaging probe that surrounds the resonator. It should be noted that
the x axis of the gradient coils (along the cylinder axis) is parallel to the direction of the laboratory-frame static magnetic field.

rexolite plastic covered by a thin gold layer with a thickness
of 1 um. The gradient coils’ structure is positioned around
this shield, as shown in Fig. 4(d) The gradient coils include
a set of X-, Y-, and Z-gradient coils. The structure of the X-
gradient coil is a simple Maxwell pair, the coils of the pair are
connected in parallel and have a total inductance of 0.75 uH,
resistance of 0.55 €2, and a magnetic gradient efficiency of
4.66 T/m- A. It is positioned at a distance of 1.4 mm from
the axis of the cylinder (the coil radius). The Y-gradient
coil is based on Golay’s geometry and has a total induc-
tance of 1.7 uH, resistance of 0.55 €2, and an efficiency of
2.7 T/ m- A. Tt is positioned at a distance of 1.8 mm from the
cylinder’s axis. Both the X- and Y-gradient coils are driven
by the pulse half-sine current drivers described above. The Z-
gradient coil is also based on Golay’s geometry, with a possi-
bility to connect its two coil pairs in series or in parallel. When
connected in series, their total inductance is 7 ©H and their re-
sistance is 2.2 €2, making it more suitable for a static gradient
rather than a pulsed operation. The gradient efficiency of the
coils for the serial connection is 3.5 T/m - A. When we employ
phase gradients for the z axis (see Fig. 5 for available imag-
ing pulse sequences), the Z coils are connected in parallel and
have an inductance of 1.75 pH, resistance of 0.55 €2, and ef-
ficiency of 1.75 T/m- A. They are positioned at a distance of
2.4 mm from the axis of the cylinder.

The imaging probe can accommodate flat samples that
can be placed on the resonator [see Fig. 4(b)] or positioned
directly inside the resonator (if they are small enough) for
increased sensitivity. In case the sample needs to be sealed

(i.e., aqueous sample and/or deoxygenated sample), one can
employ specially-prepared cuplike glass sample holders.”” An
example for such kind of sample will be provided in the ex-
perimental results below.
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FIG. 5. Description of the possible imaging sequences supported by the
hardware and software of the Q-band microimaging system. The microwave
(MW) sequence is a simple Hahn echo. The spatial encoding for the
x and y axes is achieved by phase gradients. The z axis can be either
frequency-encoded via a constant or a rectangular-shaped gradient pulse, or
via much stronger but shorter phase gradients (see text). It should be noted
that the notation in this work is that the x axis of the gradient coils (along
the gradient structure cylinder axis) is parallel to the laboratory-frame static
magnetic field direction.
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D. Software and supported imaging sequences

The ESR imaging system is controlled via a PC that runs
LABVIEW software, providing a convenient user interface.
The software enables the user to define all relevant imaging
pulse sequence parameters, such as: type of sequence (see
Fig. 5); duration and position of microwave (MW) pulses;
repetition rate of the sequence; gradient amplitudes’ positions
and duration; and the use of scripts to sequentially run several
imaging sequences in an automated manner (for example, ac-
quiring several images with varying t, which allows the later
extraction of a spatially-resolved 7> image'?). Underneath the
LABVIEW interface, the software executes a variety of sub-
programs written in C4+ and MATLAB that directly control
the signal generation and acquisition cards in the PC (see
Fig. 1) and perform a variety of data postprocessing tasks that
enable the display of the ESR images in real time, even on the
basis of partially-acquired data.

lll. THEORETICAL SYSTEM PERFORMANCE

Here we shall present the theoretical prediction of the
available resolution in the new Q-band ESR microimaging
system. In general, the resolution of an ESR microimaging
system is determined both by its absolute spin sensitivity (cor-
responding to the smallest number of spins that can be mea-
sured in each voxel) and the strength of the gradients’ spatial
encoding.”!'>2% Spin sensitivity is more often the fundamen-
tal limitation of the system, especially for samples having a
low spin concentration. Still, as sensitivity is increased, the
capability of the magnetic field gradients must follow closely
to facilitate the acquisition of high-resolution images for sam-
ples having relatively long or short relaxation times.

A. Spin sensitivity

Following Eq. (1), the resonator’s absolute spin sensitiv-
ity in spins per \/Hz can be calculated via the expression'®

Sensitivity

spins 8\/VC\/ kBT(l/nTZ*) ﬂ\/ﬁBF
V Qu ’

Az UB@o~/ 210 3

where Bp is the Boltzmann population factor Bg
fiw fiw

=(+ efks_;)/(l - eiks_;), and wup is the Bohr’s mag-
neton. Equation (3) assumes that the noise is four times larger
than the theoretical lower limit (for a dominant Johnson noise
source). Based on the resonator characteristics, as presented
above, one can calculate the spin sensitivity to be ~1.5 x 107
spins//Hz for a typical sample of LiPc crystals having T;
=3.5 usand T, = 2.5 us (assumed here to be equal to 75"),
at room temperature.

B. Resolution

The theoretical image resolution (assuming SNR is not
the fundamental resolution limit) in phase gradient imaging,
such as in the imaging sequence shown in Fig. 5 for the x
and y axes, was given in Eq. (2) above. Based on the char-
acteristics of the gradient drivers’ system and the efficiency
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of the gradient coils, as described above, one can obtain from
Eq. (2) the available resolution in our present Q-band system.
For example, at the limit of the shortest gradient pulse of 150
ns, as noted above, we can provide a maximum current drive
of 9 A into a nominal 0.6 2 2.75 uH gradient coil. This infor-
mation can be used to obtain the available maximum gradient
and resolution for this short pulse in the following manner.
The maximum current going into a gradient coil with in-
ductance L and resistance R, via the discharge of a capacitor
C, can be calculated from energy conservation arguments by
the equation
CViman _ LI,  IZ.R

max max
+

2 2 2

Tpulse s (4)

where T, is the half-sine pulse duration, given by Tpuse
= m+/LC. This leads to the expression

C
Imax ~ -
L+ mRVL

In our gradient coils and driver system, most often L >
T R\/R and thus the maximum current scales as 1/,/L. If we
consider now, for example, the x axis gradient coil that has an
inductance of 0.75 wH, we can use Eq. (5) and the data above
to calculate the available resolution in this axis. The coil is
connected via a transmission line that has a self-inductance of
~1 wH, which leads to an overall inductance of ~1.75 uH
as “seen” by the discharging capacitor. Now, as mentioned
above, since for the short 150 ns gradient pulse a current of
9 A goes into a reference 2.75 uH coil, it means that the
maximum current in the x axis coil would be ~9.,/(2.75/1.75)
=113 A, and Ty = 150,/(1.75/2.75) = 120 ns. The gradi-
ent efficiency of the x axis coil is 4.66 T/m - A, meaning that
the peak gradient is Gp,x = 11.3-4.66 = 52.6 T/m. Based on
Toutse and Gpay, the resolution in this case can be calculated
via Eq. (2) to be

&)

1
X =
(V/Zﬂ) x 0.63 x Gmaprulse

~ 9 um. (©)

The same type of calculations can be done for the longest
1400 ns gradient pulses the system supports (in conjunc-
tion with a nominal 2.75 uH coil). There, a peak current of
~117 A is expected for the x axis gradient coil, correspond-
ing to a maximum gradient of ~545 T/m, applied during a
half-sine pulse of ~1170 ns. This data, based on Eq. (2) gives
us the maximum available theoretical resolution of the present
ESR microimaging (ESRM) system, which is ~88 nm.

In practice, as noted above, in most cases the resolu-
tion is limited by the spin sensitivity. Thus, even for a high
spin-concentration sample of LiPc, having ~10% spins per
[1 um]?, the number of spins in [100 nm]* would be ~10°.
This is more or less the theoretical sensitivity limit of our cur-
rent system, given a reasonable maximum measurement time
of 24 h (leading to a spin sensitivity of ~6 x 10* spins with
SNR of 1). This implies that the available gradient capabil-
ity of the current system should be enough for all relevant
micron- and nanoscale imaging experiments, carried out with
the present ESRM setup sensitivity at room temperature.
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FIG. 6. (Color) Optical (a) and 2D ESR image (b) of a single LiPc crystal.
The crystal was positioned with its long axis in the XY plane of the ESR
image. (c) A cross sectional cut along the x axis of the 2D image in a position
marked by the white arrow, showing the intensity changes when going from
the crystal signal to the noise level.

IV. EXPERIMENTAL RESULTS

Figure 6 provides typical experimental results for the
two-dimensional (2D) imaging of a solid LiPc crystal sam-
ple. The sample was flushed with helium gas during the mea-
surement to eliminate the presence of oxygen, which greatly
reduces its relaxation times. Here we employed the imag-
ing sequence shown in Fig. 5 but only with X- and Y-phase
gradients with t = 800 ns, and the gradient pulses lengths
were ~700 and ~800 ns for X and Y, respectively. The num-
ber of pixels in the image is 1800 x 260 (we show just
part of the image where the crystal is located) and measure-
ment time was 2.5 h with a sequence repetition rate of 6
kHz (limited by heat dissipation in the gradient coils). By
comparing the optical image [Fig. 6(a)] to the ESR image
[Fig. 6(b)] and counting the number of pixels along the sam-
ple one can provide the theoretical pixel resolution, which is
440 and 650 nm for the x and y axes, respectively. Similar
values can also be asserted from measurements of the time
integral of the current going into the gradient coils, which
after multiplication by the gradient coils’ efficiency can be
plugged in Eq. (2) to provide the image resolution. In this
experiment, the maximum gradient current-time integral was
measured to be 1.86 x 107> and 2.04 x 107> A s for the X and
Y gradients, respectively. This provides a resolution of ~ 412
X 642 nm (using the calculated gradient efficiency values of
4.66 and 2.7 T/m - A, as described above, for the x and y axes,
respectively). Another possible measure of the resolution is to
look at an area in the image where the signal should drop to
zero very fast (where the sample has a sharp boundary) and
compare it with the experimental image’s “fall-down” rate.
Figure 6(c) shows such a result for a cross section of the 2D
image taken along a line whose position is marked by the ar-
row in Fig. 6(b) Here it takes ~14 resolution points for the
signal to drop from its maximum to the noise level, which
corresponds to ~5.8 um in resolution. However, one should
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FIG. 7. (Color) (a)-(c) Two-dimensional cuts taken from the complete 3D
image of the same LiPc shown in Fig. 6 (d) A cross sectional cut along the
x axis of the 2D image in a position marked by the white arrow, showing the
intensity changes when going from the crystal to the noise level.

note that, in this case, the crystal height in the Z dimension
is ~25 pum (see below) and there is an unavoidable tilt in its
vertical positioning. As a result of that, the signal is “spread
out” in the projected 2D image that we obtain, and it is clear
that in this case such test will provide a much higher value
than the actual resolution. (A similar test on a 2D slice taken
from a 3D image, which gives much more reasonable results,
will be described below). The 1D cross section of the signal
also shows the good signal of the measurement, which is a
factor of ~50 above the rms of the noise (sampled at areas of
the image where no signal is present). Assuming a voxel size
of 0.44 x 0.650 x 25 pum and based on the estimated number
of ~10% spins in 1 um?® of LiPc,?® one obtains the number of
spins in each voxel to be 7.15 x 10® spins. This gives a spin
sensitivity of ~1.4 x 107 spins for the SNR we obtained in the
imaging time employed for this image.

Figure 7 shows the 3D imaging results of the same LiPc
crystal that appears in Fig. 6 The spatial encoding along the
z axis was achieved by adding a third phase-gradient pulse
along this axis (the half-sine pulses illustrated by the dashed
line in the bottom of Fig. 5). The number of pixels in the
image is 256 x 50 x 20, the measurement time is 25 min
(repetition rate of 10 kHz), and the theoretical pixel resolu-
tion, based on the crystal size in the x and y axes, is ~2.2
X 3.25 pum, while for the z axis the resolution is ~3.5 um,
based on images taken with a similar gradient on a crystal
with vertical orientation (see the results of Fig. 8 below).
Here, the same cross section resolution test is also applied
[Fig. 7(d)], and the signal drops down in just one pixel—
corresponding well to the 2.2 um x-axis resolution [by tak-
ing a thin 2D slice out of a 3D image one avoids the pro-
jection problem mentioned above in the context of Fig. 6(c)].
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FIG. 8. (Color) Optical (a) and ESR images (c)—(d) of another LiPc crystal that was placed with its long dimension in the XZ plane. The 2D ESR images are
taken in the XZ (b) and XY (c)—(d) planes, based on the 3D information obtained during image acquisition.

The spin sensitivity here is ~5.8 x 107 spins, based on the in a more vertical position inside the resonator. A 3D image

SNR we obtained in the imaging time employed for this im- with 160 x 100 x 170 voxels was acquired at a repetition
age (much shorter than that of Fig. 6). rate of 10 kHz over slightly less than 5 h of acquisition time.

The last example of high-resolution solid-sample imag- Here the theoretical resolution (based on the number of voxels
ing is given in Fig. 8, for another LiPc crystal that was placed and crystal size, as seen in the optical microscopy image) is

(@)
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FIG. 9. (Color) (a) Optical image of a thin nylon mesh in the rexolite sample holder. (b) Another look at the mesh outside the holder. (c) Two-dimensional cut

taken from a 3D ESR image of the mesh in trityl solution, where the mesh was placed vertically in the sample holder. (d) The same as (c), but for a mesh placed
horizontally (in the XY plane) of the sample holder and imaging probe.
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~1.1 x 1.62 x 1.75 um. The spin sensitivity for this acquisi-
tion time is ~7 x 10° spins.

Solid LiPc crystals have a relatively high spin concentra-
tion and do not degrade the quality factor of the resonator.
However, many of the potential applications of the ESRM
system presented here involve the measurement of biologi-
cal samples that are in aqueous media using exogenously ad-
ministered paramagnetic species with a relatively low spin
concentration.!© For this reason, we also tested the system
with special test samples composed of water solutions of a
stable free radical. To avoid dehydration in these types of sam-
ples we reverted to the use of a slightly larger imaging probe
than the one presented above, which has a double-stacked res-
onator rather than a single resonator.'??° Each individual res-
onator ring in this double-stacked structure is made of rutile
with 1.14 mm o.d, 0.56 mm i.d, and a height of 0.22 mm.
Rings separation is 0.3 mm. This enables us to use a larger
sample volume with potentially long (up to ~1 mm) samples.
Figure 9 shows the results of such measurements for two dif-
ferent samples made of 1 mM liquid solution of deuterated
Finland trityl radical® in normal aerobic conditions, each con-
taining a thin woven nylon mesh embedded in it. The nylon
mesh has apertures of 50 x 50 um and a wire diameter of
39 um. The sample is held by a cuplike sample holder made
of rexolite with an i.d of 0.4 mm and an o.d of 0.55 mm that
fits into the resonator.'° Upon insertion into the resonator, the
loaded Q value dropped to ~50. In the sample depicted in
Fig. 9(c) the mesh was placed almost vertically and the 2D
cut clearly shows the mesh wires in the trityl solution. The
mesh in Fig. 9(d) was placed horizontally on some pieces of
filter paper (in order to position it in the center of the double-
stacked resonators structure). The signal from the four mesh
voids is visible in the center but there is also some signal inter-
ference due to the presence of the filter paper near the mesh,
limiting the presence of trityl solution. The 3D images from
which these 2D cuts were taken have 128 x 64 x 32 and 220
x 100 x 32 voxlels for Figs. 9(c) and 9(d), respectively. A
full 3D phase encoding image acquisition scheme was em-
ployed for both samples. The interpulse separation values, t,
were 300 and 360 ns with acquisition times of 75 min and 5
h, respectively. The repetition rate was 30 kHz for both sam-
ples, while the resolutions of the measurements are ~10.5 x
11.7 x 40 and ~6.8 x 7.7 x 40 um which, based on the spin
concentration and the image SNR, lead to a spin sensitivity of
~8 x 107 and 3 x 107, respectively.

V. DISCUSSION

The new Q-band ESRM system presented here signifi-
cantly improves upon the resolution achieved in previous ex-
periments and constitutes, to the best of our knowledge, the
state-of-the-art in induction-detection-based ESR imaging. In
the case of solid samples with a high spin concentration, we
obtained here for pure 2D imaging a resolution as good as
~440 nm, compared to ~950 nm in previous work carried
out at 17 GHz." In 3D imaging, we managed to obtain voxels
with a similar resolution of ~1.5 um in all three axes, provid-
ing an overall voxel volume of ~3.1 [wm]?. This can be com-
pared to the smallest voxel volume of ~13 [,um]3 achieved
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in previous work at 17 GHz,!> where the z axis resolution
was much inferior to that of the x and y. In the case of liquid
samples with a low spin concentration, we showed 3D image
resolution results that are similar to those shown at 17 GHz,!2
but with a fully aerobic rather than a deoxygenated trityl solu-
tion. This means that the 7, values we had to deal with in the
present measurements are in the order of 500 ns, compared
to several microseconds in the previous work. This makes the
pulsed imaging work much more challenging; however, aero-
bic conditions are without doubt much more relevant for many
biological samples.'? The small size of the imaging probe
with its efficient gradient coils and the powerful new gradient
drivers were cardinal in achieving such imaging capability for
species with a relatively short 75.

Another important incentive to move to a higher fre-
quency is the expected improvement in spin sensitivity. Based
on Eq. (3) and the resonator properties presented above, one
can expect an improvement by a factor of ~2.8 in spin sen-
sitivity, when going from the 17 GHz resonator (with an ef-
fective volume V, of 1.34 mm? and Q, = 1000"%) to the one
at Q-band (V. = 0.51 mm? and Q, = 170). In practice, the
improvement we saw was approximately by a factor of 2 (~7
x 10° compared to ~1.3 x 107 at 17 GHz'*!°) when a similar
number of averages were employed during image acquisition.
This relative change in sensitivity is very close to the theoret-
ical expectation (keeping in mind that we did not consider in
detail the transmission line losses and also preamplifier and
protection switches performances). It should be noted, how-
ever, that while we managed to get a modest SNR improve-
ment, a certain gap still exists between the expectations of
Eq. (3) (predicting ~1.5 x 107 spins/\/Hz for optimal res-
onator Q, = 910 with brass shield and LiPc sample) and the
sensitivity we obtained in this work (~1.6 x 10® spins/,/Hz,
but with the thin gold shield having Q, = 340). The reduction
in Q explains part of this gap, but we believe that there is more
to improve in that respect, especially with regards to transmis-
sion line losses and resonator coupling issues, and certainly
also to try and regain the lost parts in Q by improving the
gradient coils’ shield geometry.

It can, therefore, be concluded that the main advantage
of migrating to a Q-band frequency range (~35 GHz) is
the possibility to apply much more powerful gradients with
shorter duration times, which opens up the possibility to mea-
sure at high-resolution spins with relatively short relaxations
times. The availability of powerful gradients also facilitates
the imaging at very high resolution of solid samples with
high spin concentrations. The SNR improvement, although
currently rather small, is also of importance for all types of
samples. Other important new features of the system include
the higher voltage drive of the gradient drivers, the possibility
to apply phase gradient encoding in all three imaging axes,
and the flexible and advanced control software. These en-
tireties of modules and features constitute a complete system,
which is ready to address a variety of applications in physics,
materials science, and biology.”'%!215 An extension of the
work to higher frequencies may further improve sensitivity
and resolution. However, as we argued before in a detailed
analysis,>?° with the type of dielectric resonators we employ,
it is hard to foresee further improvements beyond ~60 GHz
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(mainly due increased transmission line losses, deterioration
of microwave preamplifier performances, and increased res-
onator and sample loses—especially for liquid samples).
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