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Abstract An electron spin resonance (ESR) probe that includes a static field source

and a microwave resonator for the measurement of paramagnetic defects in tooth

enamel is presented. Such defects are known to be a good marker for quantifying the

amount of ionizing radiation dose absorbed in the tooth. The probe can measure the

tooth when it is positioned just above its outer surface, i.e., in ex situ geometry. It is

operated in pulsed mode at a frequency of *6.2 GHz that corresponds to the mag-

nitude of the static magnetic field of its permanent magnet. A detailed design of the

probe is provided, together with its specifications in terms of measurement volume and

signal-to-noise-ratio for a typical sample. Experimental results that verify its sensi-

tivity and capability to measure gamma-irradiated teeth are provided. The current

minimal detected signal by the probe corresponds to a radiation dose of *4 Gy.

1 Introduction

Electron spin resonance (ESR) is a very useful and robust spectroscopic method

with many applications in science and technology [1]. However, its clinical use is

limited (compared to its ‘‘brother’’—nuclear magnetic resonance imaging), partly

because of the need to introduce exogenous paramagnetic species into the subject to

facilitate ESR measurements. One exception is the measurement of stable radicals

induced by ionizing radiation in bones and teeth [2, 3]. They make it possible to

quantify the radiation absorbed dose in the irradiated organ. Such type of

quantification can be related to the more broadly classified array of biodosimetry

methods, which are defined as methods for retrospectively measuring the amount of

ionizing radiation dose received by an individual using only biological materials.
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The use of ESR signals in tooth enamel as a dosimetric detector has been known for

more than four decades. Most of the work was carried out on extracted teeth, but

recently several in vivo systems have also been developed [2]. The tooth enamel is

very useful for this purpose, since, as has been suggested in the past, stable CO2
-

radicals are generated in the carbonate impurities of its calcium-based mineral

hydroxyapatite [4].

Humans can be exposed to ionized radiation in a variety of circumstances, such

as X-ray scans, prolonged flight periods, and due to other environmental factors. In

such ‘‘normal’’ cases, biodosimetry can be carried out using accurate biological
methods such as dicentric chromosome assay, which involves examining chromo-

somes for characteristic damage caused by ionizing radiation. However, this process

is relatively complicated and takes more than 2 days from the time of exposure to

reach a conclusion [5]. Moreover, some scenarios require a much faster physically
based diagnostic method, such as ESR-based biodosimetry. Examples of these

scenarios are major nuclear events, such as a nuclear power plant accident or the

detonation of a nuclear device (either a bomb or a radiological dispersal device—

also known as a ‘‘dirty bomb’’). In such cases, there is a need to determine the

magnitude of the exposure by measuring the radiation dose absorbed by the persons

involved. In many of the scenarios, this determination has to be carried out very

soon after the event for thousands of individuals and while the subjects are still

present at the health-care site.

In view of these needs, significant progress has been recently made regarding the

use of ESR-based biodosimetry techniques for the detection of radiation absorbed

dose in human teeth and their incorporation into a transportable in vivo system [6].

Initial designs involved relatively large electromagnets, while more recent versions

make use of smaller magnets and spectrometers, with an emphasis on improved

sensitivity and field deployment [7, 8].

Despite this progress, current operating systems and published future designs

aimed at in vivo biodosimetry based on the ESR signal of a tooth still suffer from

the following limitations:

1. Use of relatively large and heavy magnets: Most ESR systems for teeth

biodosimetry are based on the use of large electromagnets. These are suitable

for work in a laboratory setup; however, such an approach is clearly not

desirable for field-deployable systems and even in fixed locations at hospitals,

due to weight, power requirements, and relatively high costs.

2. Resonator/tooth/magnet alignment problems: Some recent designs offer the

possibility of using smaller magnets, either electrically powered or permanent

ones [6]. These can potentially improve upon the use of laboratory

electromagnets. However, small magnets have a relatively low homogenous

volume that is very close to the size of a tooth, *0.5–1 ml. This creates a major

limitation related to the difficulty in aligning the resonator and tooth with the

sensitive volume of the magnet’s center.

3. Whole-tooth measurements: In vivo systems traditionally make use of relatively

low-frequency (*1–2 GHz) ESR spectroscopy due to microwave (MW) field

penetration issues. At these frequencies, sensitivity is rather low and the
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measurement of a whole tooth (and sometimes two of them) is required to

obtain a sufficiently clear signal. The measurement of a complete tooth may

lead to reduced accuracy due to unknown tooth volume and the effects of

cavities and surface defects. Uncertainty regarding tooth volume is a major

concern, because it is known that the concentration of paramagnetic defects in

the enamel is proportional to the radiation dose (around 2.8 9 1013 spins

Gy-1 g-1 [9]); however, to provide the spin concentration from the measured

ESR signal, the measured tooth volume must be accurately determined (which,

as noted above, is a problem for an arbitrary selected tooth). Furthermore, when

measuring a whole tooth, consideration should be given to the separate signal

originating in the dentin (which has a different response to ionizing radiation)

as opposed to the enamel-based signal, and also to the quantification of the ratio

between the two.

4. Limitations in measuring teeth in children, toddlers, and babies: Younger

children’s teeth are usually too small to obtain a good ESR signal in L-band

in vivo systems. Furthermore, many toddlers and babies lack molar teeth. Since

on average more than 20 % of the population in the USA is younger than

14 years of age [10] (and in some countries, this is more than 40 %), it is

important to provide a solution also for this sector.

5. Disposable items and measurement costs: The use of resonators and/or magnets

that are placed inside the mouth raises the need for disposable/sterile

components that complicate the system and increase measurement costs.

6. The limitation of continuous wave (CW) operation: Most in vivo ESR systems

operate in CW mode, which brings with it quite a long list of difficulties. To get

a good signal in CW ESR, the use of resonators that are well matched and tuned

with a relatively high quality factor (Q) is required. The matching and tuning

process can be quite cumbersome and must be automated for the non-expert

user. Moreover, movement by the subjects further complicates this issue and

increases measurement baseline distortions and ‘‘noise’’.

7. Limited spin sensitivity: Even under optimal operating conditions, the use of

relatively low-frequency CW ESR results in quite limited spin sensitivity. This

leads to an inaccurate estimation of the radiation dose, which is currently found

to be *1.5–2 Gy for a few minutes of measurement time [7]. This value is

higher than the minimum acceptable level of error for proper patient

diagnostics, which is at least 0.5 Gy and preferably 0.25 Gy. Such error level

is considered as a minimum requirement needed for proper triage following a

major nuclear event. The common practice in such cases is that one needs to be

able to differentiate between persons exposed to less than 2 Gy who do not need

any treatment, persons exposed to 2–6 Gy who would need immediate

treatment and can recover, and persons exposed to more than 6–8 Gy who

cannot be saved [11].

In view of the above, it is evident that while the basic physical feasibility of

in vitro and in vivo tooth dosimetry by ESR is well established, there is still plenty

of room for improvement in aspects related to the practical implementation of this

method. Many characteristics of the issue at hand hint at the possibility that
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conventional in vivo CW ESR methodologies may not be the best way to tackle the

problem. For several years now, it has been known in the field of nuclear magnetic

resonance (NMR) that, for purposes of examining a specific small region within a

large sample, it could be highly advantageous to obtain NMR information by using

a small self-contained probe (with a magnet and radiofrequency coils) that can be

attached to the surface of the sample or inserted into it, thus avoiding the

requirement for a large external magnet. Such an approach to NMR measurement or

NMR imaging without a sample-surrounding magnet is termed ‘‘inside-out’’ or ex

situ NMR [12–17]. Several types of NMR systems operating in an inside-out

geometry are already in existence and show capabilities of measuring relaxation

parameters [18, 19], diffusion coefficients [20], and 3D imaging [21]. Most of these

ex situ NMR probes are intended for materials science applications; however, recent

developments (some of them from our group) have shown the validity of such

compact probes also for specific medical applications [22–26]. Up until now, ex situ

methodology was applied only to NMR and no probes were developed for ESR

applications. As for the CW operation, in view of the above-mentioned limitations, it

would be highly advantageous to pursue a pulsed acquisition method. Traditionally,

due to the broad (inhomogeneous) linewidth of the tooth signal, it was thought that T2

was too short for pulsed measurements. However, a recent study has shown that the

relaxation times in irradiated teeth are sufficiently long to facilitate such acquisition

mode, even at room temperature [27]. Nevertheless, until now, no system or probes

have been developed for pulsed ESR biodosimetry of teeth.

In this work, we make use of our previously developed ex situ NMR

methodologies and combine them with our miniature ESR resonators [28] to come

up with the first compact pulsed ex situ ESR probe for biodosimetry based on

measurements of incisor teeth. We will provide a detailed description of our probe

along with some representative experimental results, followed by discussion of its

sensitivity and applicability as a deployable in vivo ESR biodosimetry system, and

the future prospects of our approach.

2 Technical Description of the Probe

A general drawing of the ex situ ESR biodosimetry probe is provided in Fig. 1,

along with an artist’s concept of its presumed operation technique. The probe

operates with our home-made pulsed ESR system [28] and provides echo ESR

signals from the incisor tooth attached to it that are directly proportional to the

amount of radiation absorbed dose. We will now describe the reasoning leading to

this design.

2.1 Design Approach

Our goal is to measure ESR signals from the teeth while these are inside the

patient’s mouth. It is well known that the amplitude of the ESR signals is

proportional to the spin concentration multiplied by the tooth volume. The spin

concentration is the number we seek, since it is in linear correlation with the
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radiation dose. The main limiting factor of ESR-based biodosimetry is achieving

enough signal-to-noise-ratio (SNR) at a given measurement time. It is known that

for a given static magnetic field, the signal increases with the volume of the

measured sample (assuming a fixed spin concentration). SNR also improves

significantly when operating at higher static fields. When measuring soft tissues, the

depth of penetration does not allow the use of static fields that are higher than

*0.03–0.04 T (i.e., a frequency of *1.5 GHz). Still, the teeth are not soft tissue

and thus, if the resonator’s operation is restricted to the tooth’s immediate region, it

can be used also at much higher fields. Our design therefore features the use of a

much higher static field than is normally employed in in vivo ESR (currently

*0.22 T). This enables us to considerably reduce the measurement volume from a

typical *0.5–1 mL for a whole tooth (only *1/10 of which is actual enamel) down

to *1 lL of pure tooth enamel (i.e., a reduction by *3 orders of magnitude), while

still maintaining the same level of SNR. In addition, the use of pulsed ESR rather

than CW ESR makes the system much less susceptible to static field inhomoge-

neities (since these can be refocused by standard echo techniques). Thus, the

combination of elevated fields, a small volume of interest, and a pulsed mode of

operation facilitates the use of a much smaller magnet that does not have to enclose

the measured volume, but rather can be situated near it, in ex situ geometry.

2.2 The Magnet

The magnet’s design is shown in Figs. 1 and 2. It is composed of two large blocks

and two small shim units made of temperature-compensated samarium-cobalt

(SmCo) permanent magnets (material #EEC2:17TC-16 from Electron Energy

Corporation, USA) with a remanence of 0.83 T and a temperature coefficient of

a b

Fig. 1 a Drawing of the ex situ ESR probe structure, showing the main magnet, its shim units, and the
microwave resonator. b An ‘‘artist’s concept’’ of the probe during operation (color figure online)
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-10 ppm/C. The two large U-shaped magnet parts have opposite magnetization

direction (one along the positive and one along the negative Z axis; see Fig. 1) and

are placed on a 1010-steel yoke with a gap between them, as shown in Fig. 2. Thus,

the magnetic field direction in the region of interest (just above the magnet’s surface

at the center) is along the Y axis. Two small shim units are placed in the gap (shown

in green in Fig. 1) and have [X, Y, Z] dimensions of [15.6, 2.3, 6] mm, respectively,

in agreement with the coordinates in Fig. 1. (The origin of our coordinate system is

the center point on the upper surface of the main magnets.) Each shim unit has an

opposite direction of magnetization with respect to its neighboring large magnet

piece. In addition, there are two small 1010-steel blocks that improve the field’s

shimming (placed in the gap, as shown in Fig. 1) that are [1, 6, 10] mm in size. The

entire magnet is capped on the sides by 6.3-mm-thick aluminum plates and on the

top by 0.5-mm-thick plates to prevent accidental damage.

The philosophy behind this design is to generate a sweet spot with modest field

homogeneity just above the magnet’s upper surface and a gradient of *1 T/m just

below this spot (closer to the magnet’s surface). This spot, or its adjacent 1 T/m

gradient area, are both good candidates for ‘‘the volume of interest’’ from which the

ESR signal is to be acquired. The sweet spot was used in our current experiments to

maximize the measured volume, while the ‘‘gradient area’’ may be used (in the

future) for 1D imaging along the Z axis. The geometry of the shim plates was

optimized in our calculations, so that, in combination with the main unit, the total

magnetic field to be generated has the desired spatial dependence. Figures 3 and 4

present the static field magnitude in various positions in and around the volume of

interest, calculated using Maxwell finite element software (Ansoft Corporation,

Pittsburgh, PA, USA) and measured by a 100-lm Hall probe sensor (model

3RT100-2-2, Sentron, Zug, Switzerland). The sweet spot and the gradient area are

clearly visible above the magnet’s surface. The exact position and nature of the

sweet spot and the gradient depend on the shim units’ properties and position. We

placed the center of the magnet shim units at locations [0, ±7.7, -3] mm with

Fig. 2 Drawing of the main magnet’s parts and their steel back plate. a View from above. b View from
the side
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respect to the global magnet coordinates. The measured results were found to be

satisfactory in the first assembly iteration (but if needed, it is possible to re-iterate on

the shim units’ location and improve the fit between theory and experiment). The

2D surface plots of the static field in the XY plane (Fig. 4) also show a satisfactory

resemblance between the measured and calculated data, especially regarding

homogeneity around the peak position. Figure 5 provides pictures of the assembled

probe and the computer-controlled static field mapping apparatus. The plastic pieces

that protrude from the magnet’s surface hold the small shim magnets and allow us to

move them in or out of the probe, if needed (but they, of course, will not be included

in an actual working in vivo assembly).

2.3 The Resonator

The microwave resonator is presented in Fig. 6. It is a dielectric ring resonator

manufactured using a titanium dioxide (TiO2—rutile) single crystal. This crystal has

high anisotropic permittivity with values of 165 and 85 (unitless, compared to the

free-space permittivity) along the resonator’s X and Y axes, respectively (at room

temperature). The resonator’s dimensions are: outer diameter 6.3 mm, inner

diameter 0.8 mm, and height 1.5 mm. They were determined via finite element

calculations (CST Microwave Studio, CST GmbH, Germany) to sustain a resonance

frequency of 6.185 GHz for the fundamental TE01d mode (see Fig. 6a) that matches

the static field of the permanent magnet. The resonator is excited by a loop at the

end of a thin (1.5 mm o.d.) semi-rigid coaxial transmission line (Fig. 6b). In order to

fine-tune the resonance frequency, we placed a small coaxial screwable stub coated

with Rexolite close to the resonator (Fig. 6c). The spot where the magnetic field is

optimal (marked with a green circle in Fig. 6a) is aligned automatically with the

resonator’s location because the magnet and the resonator’s structure are

mechanically fixed together and brought forward toward the tooth. The resonator’s

quality factor was measured using a vector network analyzer (E8361A, Agilent

Technologies, USA) and was found to be QL *250 (i.e., unloaded Qu *500). The

effective resonator volume [29, 30] was calculated from the finite element

simulation results and was found to be Vc *35 lL.
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Fig. 3 Calculated and
measured static magnetic field
magnitude as a function of the
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Y = 0), where Z = 0 is the
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Fig. 4 Calculated (lower plates) and measured (upper plates) static field magnitude at several XY planes
situated in different Z locations, as marked in Fig. 3
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2.4 The Microwave System

The MW system that drives the probe is based on our homebuilt pulsed ESR

microimaging system. It includes a spectrometer, gradient current drivers, and

control software. A detailed description of the system is provided elsewhere [28,

31]. In this work, we did not make use of the system’s imaging functionality,

although in the future some of these capabilities may be useful to improve signal

quality (see below).

Fig. 5 a Photo of the
assembled probe. b Photo of
the probe during the 3D static
magnetic field mapping
experiments
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3 Samples

3.1 Teeth Samples

The radiation absorbed dose is a measure of the amount of energy deposited in a

human body by ionizing radiation. This dose, which is measured in units called

‘‘grays’’ (Gy), equivalent to 1 J per 1 kg of material, is used to predict the outcome

of an exposure to radiation. The concentration of paramagnetic defects in the tooth

enamel is proportional to the ionized radiation dose; however, this also depends on

the specific energy of the radiation [32]. When nuclear events are of concern, the

common assumption is to use the energy of a 137Cs source (662 keV), with the dose

defined with respect to water (i.e., a hypothetical person would have *1 Gy

deposited in his oral cavity, rather than the precise J/kg deposited in the enamel). In

view of this, the test samples were incisor teeth irradiated according to this standard

using a 137Cs source at the Radiology Department, EPR Center, Dartmouth Medical

School. The teeth were placed in full water-equivalent buildup material and

positioned at the maximum-dose depth as measured in water. Ideally, we would

have liked to use several samples irradiated with doses ranging from 0 to 10 Gy

a b

dc

Fig. 6 MW resonator unit. a The calculated MW magnetic field of the resonator and the region of
interest from which the signal is picked up (marked with a green oval). b Perspective view of the
resonator, showing the coupling via loop from the bottom. c Drawing of the entire resonator assembly
with the screwable stub for fine frequency adjustments. d Photo of the resonator assembly with a tooth
piece placed on it (color figure online)
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(which is the relevant range for patient diagnostics, see Sect. 1). In practice, our

probe is currently not sensitive enough to tackle with such low doses. Thus, in this

work we made use of teeth denoted T10-2 (dose of 15 Gy), T10-4 (30 Gy), and

T10-6 (not exposed to irradiation). Additionally, a single molar tooth denoted TR8

was irradiated with a dose of 8 Gy at the Rambam Medical Center Radiation

Facility (Haifa, Israel) using an iridium source (340 keV). Two additional teeth,

denoted as TNH100 and TNH50, were subjected to gamma irradiation from a 60Co

source (*1.17 MeV) at the Nahal Sorek Nuclear Research Center (Yavneh, Israel).

The amount of radiation deposited in these teeth was determined by comparing their

signal to a reference sample of 1-lM deuterated trityl free radical water solution

(synthesis described in ref. [33]), using a commercial CW ESR system (X-band

EMX model by Bruker). The doses in the TNH100 and the TNH50 teeth were found

to be 10,000 and 4,000 Gy, respectively.

3.2 Test Samples

Some of the measurements to evaluate the probe’s sensitivity were carried out with

a sample of 1-mM water solution of deuterated trityl radical and a sample of lithium

phthalocyanine (LiPc) solid radical. LiPc crystals are very useful species for ESR

measurements because they have a relatively high spin concentration of 108 spins

per (lm)3 [34], can be stored for long periods of time, and have a minimal effect on

a resonator’s Q factor. A glass tube (o.d. 0.9 mm) containing LiPc crystals was

prepared and sealed under vacuum. The number of spins in this LiPc sample was

found to be *1015 by comparing it to the signal of the 1-lM trityl reference sample.

4 Experimental Results

4.1 Evaluation of the Ex Situ Probe’s Performance with Calibrated Samples

The performance of the pulsed ESR ex situ biodosimetry probe was evaluated using

the LiPc and trityl test samples. The LiPc in the capillary was placed at the center

and on top of the ring resonator. The experimental conditions were as follows:

frequency of 6.184 GHz, Hahn echo pulse sequence employing two 120� pulses

35-ns long with interpulse separation, s, of 500 ns and repetition rate of 70 kHz

(current software maximum). The total averaging time was 114 s (i.e., 8-M signal

acquisitions). The resulting time domain echo signal compared to the noise is

plotted in Fig. 7a. The noise in this case was measured with the power amplifier

tuned off, and the single-shot SNR for this noise level was *12.4. A different type

of noise measurement was made by adding a field offset of *30 G using a large

external coil. In that case, the transmitted pulse left some ringing, which resulted in

an overall noise standard deviation that is larger by a factor of *2 than the noise

measured with the power amplifier off. Figure 7b shows the results of a similar

measurement carried out with the trityl sample. Here, the repetition rate was limited

to 20 kHz to avoid sample saturation. The total acquisition time was also 114 s and

the single-shot SNR was found to be *1.8.
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4.2 Phase Memory Time of Irradiation-Induced Defects in Teeth

The spin–spin relaxation process of paramagnetic defects in the teeth is often

explained as an instantaneous diffusion process, and its time dependence following

a Hahn echo sequence with interpulse separation delay, s, is described by a stretched

exponential function Sð2sÞ ¼ Sð0Þe � 2s
Tm
ð Þx , where Tm is the spin phase memory time

[27], and x was found to be *1 at 130 K and *0.5 at room temperature [27]. In our

present work, the exact behavior of the decay is of no real importance; however, we

still wanted to estimate its magnitude as it affects our ability to measure the signal in

pulsed-mode ESR. Thus, our analysis assumed a simple exponential decay function

for the echo signal (x = 1) and fitted the data to this model. We measured Tm to be

*1 ls using our probe with teeth TNH100 and TNH50 while employing a Hahn

echo sequence with two identical 120� pulses in which s was varied from 500 to

1200 ns in 13 steps.
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4.3 Spin–Lattice Relaxation Time in Teeth

The spin lattice relaxation time of the paramagnetic defects in the irradiated teeth

does not assume a single value and is distributed over a large span of time scales

[27]. However, for our current needs, we are only interested in a typical

characteristic value in order to determine the maximal repetition rate at which we

can efficiently average our data without reaching saturation. Thus, we assume a

simple exponential model, in which the ESR signal can be described by SðTRÞ ¼

SðTR ¼ 1Þ 1� e
�TR

T1

� � !
where TRis the repetition time. The results obtained

after performing measurements on teeth TNH100 and TNH50 are T1 of *5 ls.

4.4 CW and Echo-Detected ESR Spectrum of Irradiated Teeth

Here, we provide a comparison of the spectrum of an irradiated tooth (TNH100) as

it was measured in CW and field-swept echo-detected pulsed modes. As noted

above, prior work found a range of values for Tm [27], which might be attributed to

several types of paramagnetic species. The previous work did not provide any

spectral information regarding the pulsed results. The present work does not focus

on the spectral features and spectral analysis of the irradiated teeth samples,

however, it is important to try and find the spectral relation between the signals we

are measuring in pulsed mode to the ones detected in CW (which are far-better

documented). Figure 8 provides this comparison. An additional measurement was

performed in the presence of the LiPc sample in order to facilitate g-factor analysis

(not shown but used to center the spectrum on the LiPc line). It is apparent that the

spectral features in the two measurements are very similar except for a more

distorted spectrum at the X-band measurement, probably due to g anisotropy that is

better resolved at this frequency.

4.5 Evaluation of the Performance of the Ex situ Probe used on Teeth

Following these tests, we went ahead and measured the actual incisor teeth

irradiated with doses approaching clinically relevant levels (but, as noted in Sect.

3.1—still above the favorable values). The signals were obtained from the teeth

denoted above as T10-2, T10-4, T10-6, and TR8. Figure 9 shows the data for teeth

T10-4 and T10-2 (T10-6 and TR8 did not give any distinguishable ESR signal). The

measurement Hahn echo pulse sequence consisted of two 120� pulses, 35-ns long,

with s = 500 ns. Each sequence was repeated at a repetition rate of 70 kHz for

signal averaging (a total of 8 M acquisitions, 114 s). There was difficulty in placing

the teeth flat down on the probe’s surface (due to the plastic screws that hold the

resonator structure); therefore, most of the teeth were positioned with their incisal

edge adjacent to the resonator (see Fig. 9c). After the 114-s collection times, the

SNR for the T10-4 and T10-2 teeth was *33 and *27, respectively, which

translates into a single-shot SNR of *0.012 and 0.01. The resonance frequency
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shift induced by the teeth was typically -10 MHz, with a slight reduction in Q from

Qu = 500 in the empty resonator to Qu = 400.

5 Discussion

The measured properties of the static field source and the microwave resonator

closely follow the results obtained by the detailed finite element designs. The results

in Figs. 7 and 9 clearly demonstrate the functionality of the newly developed ex situ

ESR probe. However, the main issue that needs to be discussed in detail is the

probe’s spin sensitivity and its corresponding capability to accurately qualify the

radiation absorbed dose in teeth. This sensitivity analysis will be provided below

with reference to the predicted theoretical sensitivity.

The number of spins detectable with an SNR of 1 in a single-shot data acquisition

is provided by [35]:

Sensitivity
spins
single shot �

8
ffiffiffiffiffi
Vc

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kbTð1=pT�2 Þ

p
lBx0

ffiffiffiffiffiffiffi
2l0

p
ffiffiffiffiffiffi
x0

Qu

r
BF: ð1Þ

The symbol Vc represents the resonator’s effective volume [28, 29, 35, 36], which

is equal to the volume of a small hypothetical sample Vv (for example, (1 lm)3)

usually located at the point where the resonator’s microwave magnetic field is

maximal, divided by the filling factor [37] of this small sample [36]. kb is the

Boltzmann constant, T is the temperature, x0 is the electron’s Larmor angular
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frequency, l0 is the free-space permeability, and Qu is the unloaded quality factor of

the resonator. Here, we assumed that the bandwidth of excitation is chosen to match

the linewidth of the imaged paramagnetic species in the sample, Df ¼ 1=pT�2 . BF is

the Boltzmann population factor BF ¼ 1þ e
��hx0

kBT

1�e
��hx0

kBT

, and lBis Bohr’s magneton.

Plugging the relevant parameters for the LiPc experiment into Eq. (1) (i.e.,

T2
* = 200 ns—see Fig. 7a, BF = 0.2125 T, Vc = 3.5 9 10-8 m3, Qu = 500,

x0 = 3.88 9 1010 rad/s) provides us with a theoretical single-shot spin sensitivity

of *4 9 1012 spins for a point sample located just above the resonator. This means

that our 1015-spin LiPc sample should have given a single-shot SNR of *1015/

4 9 1012 = 250. This theoretical value is better than our actual result by a factor of

*20, which may be due to a variety of factors such as T2 relaxation, sample

calibration errors, non-ideal pulse sequence excitation, or other unknown experi-

mental errors.
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Fig. 9 ESR signal and noise for the T10-4 (a) and T10-2 (b) irradiated teeth. Inset (c) shows a photo of
the teeth placed on its incisal edge during measurement
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For the 1-mM trityl solution, the effective excited volume of a sample is

approximately 1 lL, which means that we measured *6 9 1014 spins. This leads to

an expected single-shot spin sensitivity of *7.3 9 1012 spins (Qu = 200 due to the

dielectric losses of the solution and T2
* = 150 ns). Thus, the theoretical single-shot

SNR for a point sample with these properties, just above the resonator, is *82. If

we compare this to our measured sensitivity, we still lack a factor of *45. The

reason for that, in addition to the ones mentioned above in the LiPc case, may be

the spreading of this sample over a relatively large volume above the resonator

where its sensitivity greatly degrades.

The expected single-shot spin sensitivity for the teeth sample can again be

calculated from Eq. (1), but here T2
* = 100 ns and Qu = 400, which results in a

value of *2.5 9 1012 spins. Based on the expected specific spin number of

2.8 9 1013 spins Gy-1 g-1 [9], 1 lL of teeth irradiated with 15 Gy should have

*1.2 9 1012 spins (given enamel density of *2.8 [38]). This means that ideally we

should have obtained a single-shot SNR of *0.5 for the T10-2 tooth, while in

practice we obtained only *0.01. Again, we see some discrepancy that is similar to

what we found for the ‘‘point-like’’ LiPc and the volumetric trityl sample, probably

due to similar reasons, to which the possibility of attachment issues (as can be seen

in Fig. 9c) may be added. Such attachment issues can also explain why the T10-4

tooth’s signal is not a factor of two larger than the T10-2’s signal.

The sensitivity that we obtained with the current probe in our experiments is not

sufficient for immediate clinical applications. The results provided in Fig. 9 show

that for a dose of 15 Gy the SNR is *4–5, meaning that a dose of less than 4 Gy

would probably be very hard to measure with the current setup. Better future design

of the probe, as described in the conclusion section below, can bring its sensitivity to

the required 0.5–0.25 Gy level. In addition to sensitivity improvement, the future

probe must also show good linear response in all radiation doses from *0.5–10 Gy

and should have high repeatability. However, these characteristics can be measured

only once sufficient sensitivity is obtained.

6 Conclusions and Future Outlook

A new type of self-contained ex situ ESR probe operating in pulsed mode for tooth-

based biodosimetry has been presented. The measured properties of the probe in

terms of static and MW fields closely follow the design, while its sensitivity is lower

than excepted. The new approach presented here addresses many of the above-

mentioned problems typical of conventional in vivo CW-based low-field ESR

systems:

(1) The magnet is small (with typical dimensions of a few centimeters), due to

the tiny volume of interest required just above its surface. Furthermore, the system

can be used with a static field that has a fixed gradient rather than high homogeneity
(since the use of a pulsed ESR echo sequence focuses the signal). This also helps to

decrease the size of the magnet and makes its design and construction relatively

simple and more tolerant to variations. (2) The spot where the magnetic field is

optimal aligns automatically with the resonator, because they are mechanically fixed
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together and brought forward toward the tooth. (3) The system can measure a small,

well-defined volume just below the tooth surface and could in principle also provide

a 1D slice across the tooth. This can allow a good assessment of the spin

concentration directly from the ESR signal, since the small detected volume

contains only bulk tooth enamel. Furthermore, the possibility of obtaining signals

selectively from a volume within the tooth eliminates the contribution of surface

defects. (4) The new probe can provide a solution for obtaining a viable signal in

measurements made in children’s and toddler’s teeth. (5) The probe is not inserted

into the mouth but rather brought to the incisor tooth (see Fig. 1), thereby

minimizing the need for disposable sterile components. (6) The system is designed

for pulsed operation, where resonator stability and mechanical movements are a

much lesser concern. The use of tiny dielectric resonators eliminates the need for

high-power amplifiers and all measurements can be done with low-power cheap

solid-state sources. (7) Although we probe a volume that is *500 times smaller

than in most current low-frequency systems (*1 lL vs. *0.5 mL), radiation dose

sensitivity should in principle be comparable and even better. This is because spin

sensitivity increases as B0
2 increases (assuming there are no depth penetration

problems, which is not an issue for teeth), and the filling factor for the small volume

we measure increases as resonator size decreases. This means that moving from the

L-band to the C-band (and in the next iteration, possibly to the X/Ku-band)

improves spin sensitivity by two or more orders of magnitude. Also, in the L-band

the wire-based resonators have a rather low Q compared to the small dielectric

resonator employed here, which increases sensitivity by a factor of *2. (8) Field
deployment The probe itself weighs *1 kg, while the other parts of the system can

be kept to minimum size and weight.

As briefly mentioned above, future iteration of the probe can make use of even

higher static fields with a better resonator/static field alignment. The probe should

have a more concave geometry (for both magnet and resonator) facilitating a better

ergonomic alignment of the front of the face/tooth with the probe. Another issue of

concern that can be dealt with in the future is minimizing the ring down signals.

This can be achieved by adding a small bias coil to the probe itself. This coil unit

will produce a small static field that could be switched on/off quickly to reduce the

ringing. This can be achieved by driving the coil through a fast current driver

(similar to the one used in our ESR microimaging experiments [31]). In such a fast

phase-cycling scheme, the small field bias is turned off/on for subtraction between

the on/off resonance signal at a fast repetition rate of *200 kHz. Under such

conditions, the residual ringing would be greatly attenuated, thereby making it

possible to reduce the interference to the signal and also s, and thus increase the

signal (minimizing the Tm effect). The small coil can also be used to produce a small

static-field bias, in case the resonance frequency of the resonator changes. The

cumulative effects of all these improvement can increase significantly the spin (and

radiation dose) sensitivity of the probe and thus reach a point where it can become a

clinically significant and a useful tool in the future.
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