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Abstract
Large-scale triage after major radiological events, such as nuclear reactor accidents, 
requires a method of ionizing radiation dose estimation called retrospective biodo-
simetry (RBD) to detect doses in the range of 0.5–8 Gy. A well-known technique for 
performing RBD is electron spin resonance (ESR), which can be used to measure 
radiation-induced paramagnetic defects in the enamel of the teeth. The concentration 
of these defects is linearly correlated with radiation doses in the applicable range. 
Despite its great potential and proven results when applied to extracted teeth, ESR 
still struggles to provide accurate in vivo readings. This is mainly because all availa-
ble ESR-based RBD methods rely on quantitative signals for calculating the concen-
tration of paramagnetic defects in tooth enamel to evaluate the dose. This requires an 
accurate knowledge of the volume of the measured enamel, which is very difficult to 
achieve in live subjects (since teeth also include dentin and possibly cavities). Here, 
we examine radiation-induced paramagnetic defects in the enamel layer of human 
teeth using advanced pulsed ESR methods, with the ultimate goal of supporting the 
development of an innovative practical RBD device for in vivo use. We employ a 
variety of pulsed ESR techniques, such as ESR measurements of spin–spin relax-
ation time (T2), ESR monitoring of instantaneous diffusion decay time (TID), and 
dipolar ESR spectroscopy, to explore their possible use to quantify the irradiation 
dose. Moreover, we develop a special resonator for teeth measurements that make 
use of such pulse techniques to overcome the constrains of small signal magnitudes 
and short coherence times. Our results show a good correlation between measured 
values of T2, TID, and the irradiated dose, but further work is required to improve 
the robustness, accuracy, and sensitivity of the methods presented before they could 
possibly be applied for in  vivo measurements in typical doses of ~ 2–8  Gy. These 
findings and approaches may be used in the future for the development of a RBD 
device to evaluate ionizing radiation doses without prior knowledge of the measured 
enamel volume.
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1 Introduction

Ionizing radiation is a general term for radiation that travels in the form of parti-
cles or electromagnetic waves and carries sufficient energy to detach electrons from 
atoms or molecules, thereby ionizing them. Small-scale exposure to ionizing radia-
tion is fairly common in modern life. It can result, for example, from radioactive 
materials in the crust of the Earth (such as uranium, thorium, or radon) or cosmic 
radiation from space, as well as from human-made radiation such as that produced 
by X-ray or nuclear medicine procedures. Large-scale exposure to ionizing radiation 
can result from several scenarios, including radiation accidents (such as the 1987 
event in Goiânia, Brazil); nuclear reactor accidents (e.g., the 1986 Chernobyl and 
2011 Fukushima-Daiichi accidents); and terrorist attacks using radiological dis-
persal devices. Following any such event, estimation of the dose received by first 
responders and members of the public who were exposed is critical. The received 
dose serves as a guideline for mass-casualty triage and helps determine the proper 
medical treatment. In most scenarios, it would be valuable to differentiate between 
doses that cause acute radiation syndrome—normally above 2 Gray (denoted as Gy), 
with 1  Gy representing the absorption of 1  J of radiation energy per kilogram of 
mass—and doses below that level, which are tolerable [1–3].

The field of medical physics research concerned with measuring the radiation 
dose absorbed by an individual using biological materials is called biodosimetry [4]. 
Its main challenge is to provide an effective method for retrospective biodosimetry 
(RBD) that can be used to solve the problem of triage in mass-casualty events like 
those described above. In these incidents, few people, if any, wear standard dosim-
eters such as thermoluminescent or electronic personal devices, and thus it is neces-
sary to conduct a retrospective estimation of the received radiation dose.

Most approaches to RBD are complex and expensive, require a long time for 
sample preparation and measurement, involve an invasive procedure, and are usu-
ally performed far from the scene. This hinders the rapid assessment and effective 
treatment of exposed individuals in the critical early stages of responding to mass-
casualty events. Moreover, biologically based methods are inherently impacted by 
differences among individuals in their responses to damaging events, and the bio-
logical responses necessarily vary over time [5]. Thus, there is a major need to 
develop a physical RBD method that is fast, inexpensive, reliable, noninvasive, and 
portable. In vivo electron spin resonance (ESR) is considered to be one of the most 
applicable techniques suited to these types of events [6–8]. ESR measures radiation-
induced paramagnetic defects in tooth enamel, the concentration of which is known 
to proceed linearly with the received radiation dose, ranging from 50 mGy [9] up 
to hundreds of Gy [10], and to reach saturation at about 100 kGy [11]. It is perhaps 
the only physical method that can differentiate among doses with sufficient sensi-
tivity and resolution to classify individuals into categories for treatment, and with 
sufficient accuracy to facilitate decision-making regarding medical treatment [12, 
13]. Despite its great potential and proven results when measuring extracted teeth, 
ESR still struggles to provide sufficiently accurate readings in vivo. This is mainly 
because all available ESR-based methods rely on quantitative continuous wave 
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(CW) ESR signal measurements of the teeth to obtain the concentration of paramag-
netic defects and hence determine the dose received [14–16]. However, such quanti-
tative measurements have inherent limitations for in vivo studies. It is very difficult 
to know a priori the volume of the measured enamel (since teeth also include dentin 
and possibly cavities), and thus the measured ESR signal amplitude cannot be accu-
rately correlated with the concentration of paramagnetic defects. Moreover, the sig-
nal’s amplitude can vary significantly due to many instrumental factors, and as such, 
it is generally too unreliable to serve as the sole basis for quantifying the measured 
sample.

Here, we aim to develop new ESR approaches to the evaluation of radiation doses 
using retrospective biodosimetry. Unlike existing methods, which rely solely on 
quantitative measurements of the ESR signal’s magnitude in an attempt to obtain 
the defects’ concentration, we target other specific unique characteristics such as 
spin–spin relaxation times and spin–spin dipolar interactions at the nanoscale level. 
We hypothesize that this type of information, which does not depend on the ESR 
signal’s magnitude, can be directly correlated with the paramagnetic defects’ con-
centration and thus leads straight to the applied radiation dose. This may make it 
possible to substantially improve the validity and accuracy of practical ESR-based 
techniques and approaches to tooth-enamel-based retrospective biodosimetry. Pre-
vious pulsed ESR measurements and data on irradiated teeth is scarce and focuses 
mainly on relaxation time (T1 and T2) measurements [17–20]. These experiments do 
not include the use of more advanced methods, such as dipolar spectroscopy [21] 
or looking into the effects of instantaneous diffusion [22]. Accordingly, our efforts 
here are based on the use of pulsed ESR and pulsed dipolar ESR spectroscopy, both 
designed to operate in conjunction with special tailor-made resonators for optimal 
targeting of the human tooth. Following this introduction, we provide details of the 
experimental methods and the results, which are compared with data obtained from 
conventional CW ESR. Conclusions are drawn with respect to the prospects of the 
pulsed-based methodologies for practical in vivo ESR applications.

2  Materials and Methods

2.1  Samples

2.1.1  Reference Samples

Reference samples of H@POSS and γ-irradiated quartz, with well-known ESR 
spectra and well-defined spin concentrations, were used in this study to calibrate 
the number of spins in our teeth samples. This allowed evaluating the ESR system’s 
capabilities and the applicability of the pulse techniques we employed.

a. H@POSS: Encapsulated atomic hydrogen in polyhedral octa-silsesquioxane 
(POSS) cages, also known as H@POSS [23, 24], was used as reference sample 
for the quantitative ESR spin count. It is known that H@POSS is characterized 
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by a large hyperfine coupling between the electron and the nuclear spin of the 
hydrogen. This splitting eliminates the overlap between the reference sample and 
the tooth enamel in the CW ESR spectrum. This fact, combined with its stabil-
ity at room temperature, makes H@POSS an excellent quantitative reference 
sample for this work. H@POSS was produced from POSS sealed in a glass tube 
in an oxygen-rich environment. The sample was irradiated to 300 kGy using a 
60Co gamma source (1.12 MeV) at the Soreq Nuclear Research Center (SNRC) 
in Yavne, Israel. The number of spins was measured to be (3.61 ⨯  1013 ± 9.01 ⨯1 
 011 spins/sample) by comparing it to the CW ESR signal of a solution of a stable 
organic radical with known concentration.

b. γ-irradiated quartz: Irradiated quartz is a good model system for many types of 
stable paramagnetic defects in irradiated solids. It has well-characterized E’ para-
magnetic centers that have long relaxation times at room temperature, a strong 
signal, and high stability [25–27]. Irradiated quartz samples were prepared using 
the following procedure: The raw material samples in the form of quartz rods 
(2 cm long and 2.9 mm in diameter, with a density of 2.65 g/cm3) were irradiated 
using a 60Co gamma source and given different doses: 1, 10, and 100 kGy. The 
samples were processed at the irradiator of the Bio–Fly company (Sde Eliyahu, 
Israel). Subsequently, the pieces were ground up and then sealed in a capillary 
tube. CW ESR measurements were carried out to evaluate the spin concentration 
of the quartz samples, which was determined by comparing the double integral 
CW ESR signal to that of a solution of a stable organic radical with known con-
centration. The results are summarized in Table 1, which shows the error evalu-
ated from the standard deviation divided by the average of five measurements. 
Our data are also compared to the spin concentration found in irradiated natural 
quartz as described in the literature [25].

2.1.2  Teeth Samples

Several dozens of incisor teeth were purchased from the Science Care Company 
(USA) and were used with approval from the Technion’s Ethics Committee (Fig. 1a). 
Tooth portions were irradiated at the SNRC’s Secondary Standard Dosimetry Labo-
ratory using a 137Cs gamma source (~ 0.66 MeV), at several doses: 1, 5, 10, 50 100, 

Table 1  Spin concentration of E’ paramagnetic defects in irradiated quartz

Dose [kGy] Spin concentration 
[Spin/cm3]

Error [Spins/cm3] Error [%] Spin concentra-
tion [25] [Spins/
cm3]

1 2.29 ×  1016 1.98 ×  1015 8.64 2.15 ×  1016

10 5.78 ×  1016 1.02 ×  1016 17.65 5 ×  1016

100 12. 8 ×  1016 2.98 ×  1016 23.26 9.4 ×  1016
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500, and 1000 Gy. Other portions were irradiated using a 60Co gamma source at the 
SNRC Space and Materials Department at doses of 10, 50, 100, and 500 Gy.

For in vitro measurements, such as those carried out in this work, the common 
practice for preparing enamel samples involves mechanical and chemical etching 
[10] that results in the removal of most of the dentin. Accordingly, we cut the teeth’s 
crowns from the roots using a diamond knife (Fig. 1b). The crown was etched using 
a 30% NaOH solution in an ultrasonic bath at 65 °C for about 3 h. After washing 
thoroughly with water and drying, the leftover dentin was removed by a dermal 
drilling tool and the teeth samples were manually crushed into small pieces using 
hand tools. In some studies (see Appendix 1), we measured the complete teeth as 
acquired, with no additional treatment (other than the irradiation).

2.2  Research Methods

2.2.1  Continuous Wave ESR

Continuous wave (CW) ESR measurements were carried out using a commercial 
X-band ESR spectrometer (Bruker EMX). The measurements were taken at a fre-
quency of ~ 9.4 GHz, with a sweep step of 0.19 G, power = 20.02 mW, modulation 
frequency = 100 kHz, modulation amplitude = 1 G, conversion time = 40.96 ms, and 
time constant = 163.84 ms, using 10 scans.

2.2.2  Pulsed ESR System

Some of the pulsed ESR measurements were carried out at Q-band frequencies 
using a Bruker Elexsys E580 outfitted with a Q-band resonator (EN-5107-D2) at 
the Weizmann Institute of Science. For variable temperature experiments, an Oxford 
Instruments CF935 continuous flow cryostat was employed to control the tempera-
ture using liquid nitrogen. In addition to the Q-band system, some of the measure-
ments were carried out at X-band frequencies using a spinUP-X system by Spinflex 
Instruments Ltd. The X-band system’s advantages included the possibility of meas-
uring intact teeth and the flexibility of its software. This system was composed of 
an electromagnet to generate a static magnetic field; a microwave reference source 

Fig. 1  a Typical intact (uncut) teeth. b Typical tooth profile after the cut and before chemical etching
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providing an MW signal with well-defined frequency; a microwave bridge to trans-
mit a chosen pulse sequence and receive the signal from the sample; and an arbitrary 
waveform generator (AWG) that provided greater flexibility in experimental design 
and operating frequency. The AWG unit allowed for control over the shape and 
amplitude of the pulses, while the computer used to operate the system controlled 
the pulse sequence and the main magnetic field and performed signal processing. 
The X-band pulsed spectrometer also made it possible to work at much higher rep-
etition rates (up to 400 kHz) compared to the Q-band system with its TWT ampli-
fier (which typically reaches only 500–2000 Hz), implying much faster acquisition 
times for species with a short T1, such as the teeth examined here. Therefore, the 
bottom-line sensitivity for a given acquisition time was found to be similar in both 
systems. The X-band system was operated in conjunction with a dielectric resonator 
built especially for the efficient measurement of small tooth samples in this project 
(see below).

2.2.3  Resonator

The X-band resonator constructed for this work makes it possible to deal with the 
low number of spins expected for most teeth samples and to carry out pulsed experi-
ments with the modest (~ 20 W) power available in our system. The resonator we 
employed in this study (called  DB) is capable of accommodating samples with fairly 
large volumes and therefore facilitates a relatively large concentration sensitivity 
[28], as well as enabling the measurement of intact teeth when needed. It is made 
of a material with a dielectric constant of 38 and dielectric loss (tng δ of ~ 0.0005 
at 10 GHz (machined from part # DRT099V030C044 from Murata), and its dimen-
sions (outer diameter 8.4 mm, inner diameter 6.5 mm, height 2.5 mm) allow it to 
operate at a frequency of ~ 9.4 GHz. Figure 2 shows the overall design of the resona-
tor and its calculated microwave magnetic field, as well as its  S11 plot without and 
with teeth material in it. The homogeneity of B1, as reflected from the data shown in 
Fig. 2c, is ~ 20–60%, depending on how far the sample is extended towards the inner 
walls of the resonator and/or above or below the resonator’s ring. Such homogene-
ity is sufficient for the relaxation measurements (T1, T2) employed here. More com-
plex experiments such as microwave mutations  [29], magnetization transfer  [30], 
and spin-counting DEER measurements  [31] may require better homogeneity, but 
these were not employed here. The resonator’s Q-factor is ~ 550 and ~ 300 without 
and with the teeth material, respectively (Fig. 2d). Its spin sensitivity for the type of 
stable radicals generated in teeth is ~  1012 spins for 1 s of averaging time. In terms of 
concentration sensitivity, we obtained a signal-to-noise-ratio (SNR) of ~ 100 for the 
100 Gy tooth (spin concentration of ~  1016 spins/cm3; see below) for 1 s of averag-
ing time, when the resonator was filled with teeth pieces. The design also includes 
a sample holder as well as field-jump coils that reduce the field-independent ring-
down noise of the measurement from the signal and thus improve the measurement 
dead time. This is achieved by performing two consecutive measurements, one with-
out current in the coil (on-resonance, which gives an ESR signal) and one with cur-
rent in the coil (off-resonance, which would give only a background and ring-down 
“signal”), and subtracting the measured signal in the two cases.
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2.2.4  Data Analysis

The pulsed ESR echo signal was integrated to obtain its magnitude. Theoretical fits 
to relaxation curves were obtained using single or bi-exponential functions. In some 
cases, we also fitted multi-exponential curves to obtain a distribution of relaxation 
times using UpenWin software [32], where the signal is modeled by a sum of decaying 
exponential functions with some added noise/bias:

(1)s(ti) = g0 +

M
∑

k=1

gke
−ti∕Tk .
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Fig. 2  The  DB resonator. a The entire assembly. b Calculated B1 fields inside the DB resonator, as per-
formed by CST finite-element electromagnetic simulation software. The plot also shows the coupling 
loop below the resonator. c Plots of the microwave magnetic field inside the resonator (two orthogonal 
cross sections). The magnitude color scale is the same as that shown in b. d Reflection coefficient (S11) 
measured for the empty resonator (blue) and for the resonator with a tooth in it (red) (Color figure online)
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3  Results and Discussion

3.1  Spin Concentration

The spin concentration of the irradiated teeth samples was evaluated by comparing 
the double integral of their CW ESR signal at X-band to a reference sample of H@
POSS with a known number of spins. We measured teeth irradiated by two types of 
radiation sources (137Cs and 60Co) to learn more about their energy response, i.e., 
the response of a material to different ionizing radiation energies and sources. Spe-
cifically, in our case, this refers to the various quantities of defects generated by the 
same dose of ionizing radiation using different energy sources. In tooth dosimetry 
research, most irradiation protocols employ a 60Co source due to its high gamma 
energy (~ 1.2 MeV), wide availability, and extensive use in the industrial and medi-
cal sectors. Certain studies concerning synthetic hydroxyapatite and tooth enamel 
found no energy dependence in the response to various sources between 58 and 
1250 keV [33, 34], though a difference of up to 8% was identified in energies lower 
than 50 keV. Other studies, however, have shown a significant dependence of ESR 
signals on the radiation energy of X-ray beams and of 137Cs and 60Co gamma rays 
[35–39]. For example, Hassan et al. [35] found that the energy response for defect 
concentrations produced by sources at low energies (less than 100  keV) was five 
times higher than the response resulting from 60Co, while that produced by 137Cs 
was 20% lower than the one generated by 60Co. Significant differences in energy 
response for enamel ESR measurements would limit the latter’s effectiveness for 
dose evaluation and their use as an RBD tool. Here, we took several teeth from one 
supplier and divided them into two groups, one irradiated using a calibrated 60Co 
source and the other using a calibrated 137Cs source (662 keV), with different doses. 
We chose a single supplier to reduce any biological diversity that could influence the 
enamel’s energy response.

Table 2 and Fig. 3 show the summary of the spin concentration measurements 
according to irradiation dose, obtained from three samples for each dose. A good 
linear correlation between spin concentration and dose was found for both the 
137Cs and 60Co sources. Figure  3 also provides a comparison to previous lit-
erature, in which the absolute spin concentration was estimated using external 

Table 2  Spin concentration in spins/cm3 for teeth irradiated by 60Co and 137Cs sources

SD is the standard deviation of the measured values; error is the relative error expressed as a percent 
based on the SD value

Dose [Gy] Radiation source
60Co SD Error [%] 137Cs SD Error [%]

1000 7.75 ×  1016 2.42 ×  1016 31
500 3.87 ×  1016 1.32 ×  1016 34 5.25 ×  1016 7.95 ×  1015 15
100 1.09 ×  1016 5.30 ×  1015 48 1.28 ×  1016 6.51 ×  1014 5
50 7.25 ×  1015 3.14 ×  1015 43 4.78 ×  1015 5.49 ×  1014 11
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references and found to have an error of 20% [35]. In that work, 60Co was used 
to generate defects and the dose response was found to be 8.31 ×  1013 [spins/
Gy·cm3] [35].

The data we gathered shows that in samples irradiated with 137Cs, the dose 
response (the slope of the line) is slightly larger than that of samples irradiated 
with 60Co (namely, 6.96 ×  1013 and 7.63 ×  1013 [spins/Gy·cm3] for 60Co and 137Cs, 
respectively). However, this ~ 9% difference between the two types of sources is 
within the error range. The slopes we found have slightly lower values than those 
found in ref [35]. These differences could be attributed to residual dentin from 
the etching process resulting in a lower calculated spin concentration; to other 
measurement errors; or to biological diversity, as reflected by the relatively large 
standard deviation in our results.

3.2  T1 and T2 Relaxation Times

The first and simplest type of spectroscopic markers we examined as possible can-
didates for the quantitative evaluation of spin concentration are the spin–lattice 
(T1) and spin–spin (T2) relaxation times. Here, we present our results of T1 and 
T2 measurements for a variety of samples at different temperatures and attempt 
to correlate them with the spin concentration. The data is provided first for the 
quartz test samples to verify our methodology, and subsequently for the teeth.
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3.2.1  Spin–Lattice Relaxation, T1

3.2.1.1 Irradiated Quartz Spin–lattice relaxation curves measured using inversion 
recovery pulse sequences at room temperature are shown in Fig. 4a, and the relaxa-
tion times are summarized in Table 3. They show no significant or meaningful dose 
dependence, which is plausible since the lattice is the same for all doses and defects 
are not formed in sufficiently high concentrations to change the lattice. The T1 distri-
bution analysis, obtained using UpenWin software (Fig. 4b), indicates that at room 
temperature, there is primarily one dominant energy exchange mechanism between 
the spins and the lattice.

3.2.1.2 Irradiated Teeth While quartz samples show a fairly simple relaxation 
picture, the T1 distribution of irradiated teeth samples reveals a more complex 
behavior, as shown in Fig. 5. Such complexity also appears in the literature [20], 
and therefore, we tested also a bi-exponential model to fit the data. The results for 
the 60Co irradiated samples are summarized in Table 4 (the data regarding 137Cs 
is very similar).

The peak at the short T1 can be related to CO−
2
 substituting phosphate in the 

hydroxyapatite crystal (B-site), and the longer T1 values are linked to an organic 
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Fig. 4  a Inversion recovery experiment results of T1 in irradiated quartz samples. Measurements were 
carried out at ~ 33.66 GHz, with π/2 pulse length of 16 ns. T is the time interval between the inversion 
pulse to the subsequent Hahn echo sequence. b Distributions of T1 calculated by UpenWin from inver-
sion recovery curves in irradiated quartz samples

Table 3  T1 relaxation times in 
quartz samples obtained using 
an exponential model and the 
dominant term in the UpenWin 
distribution analysis

Dose [kGy] Exponential fit [μs] UpenWin distribu-
tion’s max. value 
[μs]

100 201.8 209.8
10 194.6 209.8
1 193.1 189.4
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radical inclusion in the teeth [20, 40]. Neither contribution displays a meaningful 
dose dependence (the same picture occurs also for the 137Cs source data). Thus, 
samples irradiated with different doses show no meaningful dose dependence in 
T1, as seen from the data presented in Table 4 and from the UpenWin distribution 
shown in Fig. 5b.

In conclusion, T1 shows no significant conclusive dose dependence in both quartz 
and irradiated tooth enamel, and therefore, cannot be used for dose estimation.

3.2.2  Spin–Spin Relaxation (T2)

3.2.2.1 Irradiated Quartz While T1 shows no significant dose dependence, such 
dependency can be easily detected for spin–spin relaxation times (T2) in irradiated 
quartz samples (Fig. 6a). Specifically, the higher the dose, the faster the echo decay, 
meaning shorter T2 values (Table 5). The data can be fitted to a stretched exponential 
curve, based on the expression:

where for x = 1, it represents a simple exponential decay. In addition, the T2 distribu-
tions extracted using UpenWin (Fig. 6b) show distinct differences between samples 
irradiated with different doses, with T2 for the maximum value on the distribution 
varying from 3.8 to 31 μs.
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Fig. 5  a Inversion recovery experiment results of T1 in irradiated teeth samples using a 60Co source. The 
experimental parameters are similar to those given in Fig. 4 (Q-band frequency). b Distributions of T1 
calculated by UpenWin from inversion recovery curves

Table 4  T1 relaxation times in 
teeth samples, obtained using a 
bi-exponential decay model and 
from the dominant term in the 
UpenWin distribution analysis

Dose [Gy] 60Co Bi-exponential decays 
[μs]

UpenWin distribu-
tion’s max. value 
[μs]

500 173.3 49.0 95.3
100 214.0 67.3 76.9
50 257.5 88.8 111.4
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3.2.2.2 Irradiated Teeth Having observed the existence of a strong dose depend-
ence in quartz, we used the same method on irradiated teeth enamel samples. Pre-
vious data from the literature revealed a strong dose dependence for T2, but only 
when measured at low temperatures [20]. In our experiments, carried out at room 
temperature, it was harder to detect a dose dependency from the decay curves 
themselves (Fig. 7a, c), especially when compared to quartz. Nevertheless, further 
analysis did reveal some considerable differences. For example, the fitting to a 
mono-exponential decay function and the analysis of the UpenWin distributions 
(Figs.  7b, d) showed a meaningful spread and dose-dependent variations, even 
at room temperature. These results, as well those measured at temperatures of 
140 and 85 K, are summarized in Table 6. It is evident that the dose dependence 
can be inferred not only from the dominant decay time, but also from the distri-
bution shape—high doses produce narrower distributions. The distribution shape 
suggests the existence of at least two components of the relaxation mechanism, 
resulting in a wide range of relaxation times. The analysis of the decay curves can 
also be performed by fitting the data to a stretched experiential decay function, as 
provided in Table 7. Here also, the same trend of lower doses corresponding to 
longer relaxation times is evident. An additional insight is that the stretch param-
eter, x, increases as temperature is reduced, which implies that other mechanisms 
are being “shut down”. This leaves us only with one dominated decay mechanism 
for T2 at low temperatures.
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Fig. 6  a Results of echo decay experiments in irradiated quartz at room temperature (~ 34.184  GHz), 
normalized intensity versus τ. b Normalized distributions of T2 calculated by UpenWin from echo spin 
decay curves of irradiated quartz at room temperature

Table 5  T2 relaxation times in quartz samples obtained by fitting the data to single and stretched expo-
nential decay models and from the UpenWin distribution analysis

Dose [kGy] Exponential decay UpenWin distribution’s 
max. value [μs]

Stretched exponential decay 
parameters

T2 [μs] R2 x T2 [μs] R2

100 3.78 ± 0.003 1 3.6 0.99 3.8 ± 0.001 1
10 7.52 ± 0.002 1 7.3 0.97 7.6 ± 0.011 1
1 21.12 ± 0.05 1 30.3 0.89 31.0 ± 0.01 1
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3.3  Instantaneous Diffusion

Instantaneous diffusion (ID) is a relaxation mechanism that depends on the 
average distance between spins and is caused by their flip due to the π refocus-
ing pulse in the echo sequence [22]. This mechanism adds another factor to the 
relaxation process, so that the overall observed relaxation rate in the Hahn echo 
sequence is as follows:

where Tm is the memory time of the spin system corresponding to echo signal 
decreases by a factor of e, T2 is the “intrinsic” spin–spin relaxation time at the limit 
of the diminishing second pulse in the Hahn echo sequence, and TID is the relaxation 
time generated by the ID mechanism. We can take advantage of instantaneous diffu-
sion and study Tm as a function of the amplitude (flip angle) of the second pulse in 
the echo sequence, θ, [41, 42]. It is known that TID depends on θ (which can go from 
0 up to π) according to the expression [22], sec. 8.1.5:

(3)
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Fig. 7  a T2 echo spin decay curves in teeth irradiated with 60Co to 50, 100, and 500  Gy 
(at ~ 34.126 GHz), measured at room temperature, normalized intensity versus Hahn echo interpulse dis-
tance, τ. b Distributions of T2 calculated using UpenWin from echo spin decay curves shown in plate (a). 
c T2 echo spin decay curves in teeth irradiated with 137Cs to 100, 500, and 1000 Gy (at ~ 34.126 GHz), 
measured at room temperature, normalized intensity versus interpulse distance, τ. d Distributions of T2 
calculated using UpenWin from echo spin decay curves shown in plate (c)
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where C is the concentration of spins [spin/m3], g is the g-factor value, βe is the 
Bohr magneton, and µ0 is the vacuum permeability. This means that if we plot 1/Tm 
and a function of sin2

(

�

2

)

 , we get a straight line with a slope of C �

9
√

3

�0g
2�2

e

ℏ
 and 

intercept of 1/T2, thereby easily extracting our parameter of interest, C.
In our measurements at Q-band, the flip angles were modified by changing the 

excitation power, which caused both the first and second pulses in the echo sequence 
to be smaller. This is a valid approach in cases where it is not possible to indepen-
dently change the power of the first and second pulses [42], but it has the disadvan-
tage of losing much of the signal when going to low powers (small flip angles). For 
measurements at X-band with a system equipped with AWG, we only modified the 
amplitude of the second pulse and thus improved the sensitivity at low flip angles. 
In this case, instantaneous diffusion was used for quantitative estimation of the local 
spin concentration. The latter may be different from the average spin concentration 
if the spins generated by the irradiation process are not homogeneously distributed 
throughout the sample.

3.3.1  Irradiated Quartz

First, we measured the quartz test samples at room temperature. Typical results for 
the 10-kGy sample are shown in Fig. 8a, and the full data set for all samples is pro-
vided in Fig. 8b and Table 8. In Table 8, we also compare the local concentrations 
(as measured by the instantons diffusion data) and average spin concentrations (as 
measured by CW ESR against reference samples), which are found to be similar, 
as expected from materials in which paramagnetic defects are randomly distributed 
[22, 42].

(4)
1

TID(�)
= C

�

9
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�0g
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ℏ
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�
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,

Table 7  T2 relaxation times in teeth samples in nanoseconds, as well as the stretch parameter, x, obtained 
from the stretched exponential model in Eq. (2)

a Could not be analyzed accurately enough due to low signal-to-noise ratio

Dose [Gy] Source Stretched exponential decay

298 K 140 K 85 K

x T2 R2 x T2 R2 x T2 R2

1000 137Cs 0.6064 395 ± 2 0.9999 0.78 1661 ± 2 1.00 1.14 4236 ± 4 1
500 137Cs 0.6067 545 ± 2 0.9999 0.78 2064 ± 2 1.00 0.97 4241 ± 1 1
100 137Cs 0.6701 681 ± 38 0.9639 0.82 2256 ± 4 0.9999 1.07 4443 ± 5 1
50 137Cs –a –a –a –a –a –a 1.05 4730 ± 4 0.9999
500 60Co 0.578 481 ± 3 0.9998 0.77 2043 ± 2 1.00 1.06 3746 ± 2 1
100 60Co 0.6407 638 ± 8 0.6407 0.90 2465 ± 3 1.00 1.03 3933 ± 3 1
50 60Co 0.5842 650 ± 93 0.906 0.83 2866 ± 44 0.995 1.02 4370 ± 4 1
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3.3.2  Irradiated Teeth

In contrast to quartz, teeth display a much lower signal to begin with and also suffer 
from faster signal decay. Accordingly, we first tried to measure instantaneous diffu-
sion at Q-band and at low temperatures to lengthen the relaxation time and enable 
us to observe the power effects on Tm. Figure 9a shows the typical dependence of 
Tm on the flip angle in tooth enamel samples irradiated with 137Cs and measured at 
140 K, while Fig. 9c presents typical results at 85 K. An analysis using Eq. (3) pro-
duced a straight line for both temperatures (Fig. 9b, d). The decrease in signal due to 
the change in power for both pulses in the sequence limited the lower end of the flip 
angle that we were able to measure.

The data from teeth measurements is summarized in Table  9. It shows con-
siderable differences between the instantaneous diffusion times for different spin 

(b)(a)

Fig. 8  a Normalized Hahn echo signal intensity versus τ for quartz irradiated to 10 kGy, with the cor-
responding phase memory time (Tm) while increasing the flip angle of the first pulse, θ/2, from 20° to 90° 
(with the second pulse flip angle being equal to θ). The measurements were carried out at room tempera-
ture and at a frequency of ~ 9.58 GHz. b Plot of the reciprocal of the phase memory time (Tm) for three 
types of irradiated quartz samples as a function of the square of the sine of the turning angle of the first 
pulse (θ/2), measured at room temperature and at ~ 9.58 GHz

Table 8  Spin concentrations obtained using CW ESR, compared to local concentrations obtained from 
instantaneous diffusion measurements for irradiated quartz samples measured at room temperature at 
X-band

We also list the “Intrinsic” T2 and compare it to Tmin
m

 , which is the measured memory time for nominal 
90º and 180º pulses. The calculated TID is based on Eq.  (4), and is obtained using the measured CW-
based spin concentrations and assuming θ/2 = 90º

Dose
[kGy]

Concentration 
from CW
[spins/cm3]

Concentration from ID
[spins/cm3]

Intrinsic T2
[μs]

T
min
m

[μs]
Calc
TID [ns]

100 12.8 ⨯  1016 12.3 ⨯  1016 14.05 5.90 9.44
10 5.78 ⨯  1016 6.71 ⨯  1016 29.36 10.61 20.90
1 2.29 ⨯  1016 2.57 ⨯  1016 64.27 27.00 52.75
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concentrations (different doses). These findings suggest that it would be easy to 
differentiate between the doses if we could measure the instantaneous diffusion 
component of relaxation time separately. We see that at low temperatures, the 
intrinsic T2 becomes comparable to TID, allowing us to easily measure the dif-
ference between samples irradiated to different doses. Moreover, even at room 
temperature, where the contribution of TID to Tm is very small (since the intrinsic 
T2 is 1 order of magnitude less than TID), we can still see meaningful trends. This 
is thanks to the use of the AWG system which allows us to obtain Tm fits with 
high accuracy and good sensitivity. Another important observation is that the 
local concentrations measured by instantaneous diffusion are found to be higher 
than the average concentrations measured with CW ESR, hinting to the possibil-
ity of a nonuniform distribution of the spins. The differences between the local 
and average concentrations in irradiated teeth are much higher than those found 
in in the quartz samples. This phenomenon is well known in materials irradiated 
with high LET (linear energy transfer) radiation such as alpha and beta [43]. In 
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Fig. 9  a Normalized Hahn echo signal intensity versus τ for enamel samples irradiated by a 137Cs source 
to 500 Gy, with the corresponding phase memory time (Tm) as the flip angle of the first pulse is increased 
from 16° to 90°, measured at 140 K and ~ 34.27 GHz. b Plot of the reciprocal of the phase memory time 
(Tm) for several enamel samples irradiated by different sources and with various doses. As noted in the 
legend, when measured at 140 K at Q-band, the plot is shown as a function of sin2
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 . The slope is a 
function of the spin concentration. c The same as a but for measurements at 85 K. d The same as b for 
measurements at 85 K. (e) Normalized echo intensity versus τ for enamel samples irradiated by a 137Cs 
source to 500 Gy, with the corresponding phase memory time (Tm) as the flip angle of the second pulse is 
increased from 32° to 180°, measured at room temperature at X-band. f Plot of the reciprocal of the 
phase memory time (Tm) for enamel samples irradiated with 137Cs to 100, 500, and 1000 Gy, measured at 
room temperature at X-band, as a function of sin2
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low LET radiation, such as gamma, the distribution of the spins has been found 
to be uniform only in doses higher than ~ 5 kGy [42], as seen in the quartz sam-
ples. The results of our experiments show that the difference between local and 
average concentrations is reduced when we measure samples irradiated to higher 
doses (all of our doses were lower than 5 kGy). This suggests that said differences 
reflects the track effect and not the enamel structure, as suggested by Brik et al. 
[44] and others, meaning that the track effect is visible in lower doses. Many of 
the concentrations measured at 140  K are higher than those obtained made at 
85 K. However, the 85 K data are more reliable and fits to a single exponential 
model better than the 140 K data (Tables 6 and 7).

3.4  Double Electron–Electron Resonance (DEER)

DEER can be used to directly measure spin dipolar interaction. The DEER back-
ground decay of radicals distributed randomly in space follows the expression 
given by [45]

Table 9  Spin concentration obtained by CW ESR (using H@POSS as a reference sample), compared 
with local concentration from instantaneous diffusion measured in irradiated teeth samples, based on 
Q-band measurements at 140 K and 85 K. We also list the “Intrinsic” T2 and compare it to Tmin

m
 , which is 

the measured memory time for nominal 90º and 180º pulses

The calculated TID is based on Eq. (4) using the measured CW-based spin concentrations and assuming 
θ/2 = 90º. The room temperature data is measured at X-band using a system with AWG so that only the 
second pulse in the Hahn echo sequence is modified

Source Dose [Gy] Temp. [K] Concentra-
tion from 
CW [spins/
cm3]

Concentra-
tion from ID 
[spins/cm3]

Intrinsic T2
[ns]

T
min
m

 [ns] Calc TID [ns]

137Cs 1000 140 7.75 ×  1016 8.66 ×  1016 2171 2555.5 15,587
500 5.25 ×  1016 7.06 ×  1016 2661 3137.6 23,009
100 1.28 ×  1016 6.54 ×  1016 2714 3133.0 94,375

60Co 500 3.87 ×  1016 6.33 ×  1016 2688 3070.1 31,214
100 1.09 ×  1016 4.89 ×  1016 2648 2978.0 110,826
50 7.25 ×  1015 2.29 ×  1016 3016 3207.2 166,620

137Cs 1000 85 7.75 ×  1016 1.05 ×  1017 4003 4364.9 15,587
500 5.25 ×  1016 5.51 ×  1016 4031.8 4914.0 23,009
100 1.28 ×  1016 4.15 ×  1016 4106.3 4755.1 94,375
50 4.78 ×  1015 2.90 ×  1016 4418.5 4935.8 252,719

60Co 500 3.87 ×  1016 5.28 ×  1016 3874.3 4207.0 31,214
100 1.09 ×  1016 3.4 ×  1016 4054.4 4610.4 110,826
50 7.25 ×  1015 2.5 ×  1016 4675.3 5157.3 166,620

137Cs 1000 Room tem-
perature

7.75 ×  1016 9.7 ×  1017 876.4 942.5 15,587
500 5.25 ×  1016 5.7 ×  1017 931.7 979.7 23,009
100 1.28 ×  1016 4.9 ×  1017 910.5 946.3 94,375
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where g, μB, and μ0 are as described above, NA is Avogadro’s number, and λ is the 
fraction of the spins excited by the DEER pump pulse (ranging from 0 to 1). Here, 
we employ a simple 3-pulse DEER sequence to minimize spin relaxation due to the 
short T2 of the teeth samples [46].

3.4.1  Quartz Samples

Figure  10 shows the results of the 3-pulse DEER experiment conducted at room 
temperature at Q-band for the irradiated quartz samples. The data are compared to 
the theoretical decay via Eq. (5) assuming λ = 0.59 and using the CW-derived spin 
concentration values provided in Table  1. These results clearly show that higher 
doses lead to faster decay. For samples at 10 kGy and 100 kGy, the decay is stronger 
than was theoretically expected, which can be due to errors in the assessment of λ in 
different experiments. Overall, it is evident that for quartz samples DEER can pro-
vide good information about spin concentration.

3.4.2  Teeth Samples

Teeth samples were measured using the same 3-pulse DEER method. The data are 
provided in Fig. 11. Due to the wide spectrum of the irradiated teeth (Fig. 11a’s 
inset), it was easier to define a pump pulse that did not overlap with the observer 
pulse. However, because of the relatively fast relaxation times of the ESR signal 

(5)V(t,C) = exp
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Fig. 10  Three-pulse DEER signal decay in quartz samples irradiated with different doses (crosses), 
superimposed by the decay simulation (solid line) with λ = 0.59, where T is the time of the pump pulse 
after the first pulse in the sequence. Typical experimental parameters: frequency =  ~ 33.6 GHz, π/2 pulse 
length = 18 ns, pump pulse length = 32 ns, pump offset frequency = 25 MHz (see inset showing the field-
swept echo signal of the samples)
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Fig. 11  a Three-pulse DEER signal decay of tooth enamel samples irradiated to various doses with 137Cs 
and 60Co, superimposed by the decay simulation (solid line) with λ = 0.5, where T is the time of the 
pump pulse after the first pulse in the sequence. Typical experimental parameters: Q-band frequency, π/2 
pulse length = 14 ns, pump pulse length = 28 ns, pump offset frequency = 40 MHz. b Three-pulse DEER 
signal decay in tooth enamel samples irradiated to different doses with 137Cs (crosses), superimposed by 
the decay simulation (continuous lines) with λ = 0.5, where T is the start time for the pump pulse. Typical 
experimental parameters: X-band frequency = 10.8 GHz, π/2 pulse length = 120 ns, pump pulse length =  
120 ns, pump offset frequency = 16 MHz
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in teeth, the signal decayed quickly and this limited the measurement time. Nev-
ertheless, even though the signal was weak and decayed fast, we were able to 
measure and record the DEER decay at room temperature both at Q-band and at 
X-band. Despite the distinct observation of the decay signal, we could not see a 
clear correlation between the decay rate and the irradiation dose. This, again, may 
hint to the possibility that the local spin concentration along the irradiation tracks 
is more or less constant. An additional issue that may interfere with the quantita-
tive measurement of global spin concentrations using DEER is the possible varia-
tion in λ, which can affect the accuracy of the measurement.

4  Discussion and Conclusions

In this work, we examined the possibility of using advanced pulsed ESR tech-
niques to evaluate the concentration of paramagnetic defects in γ-irradiated teeth 
samples without having to measure the volume of the enamel in those samples. 
The ultimate aim of this approach is to facilitate accurate in vivo measurements 
of teeth to estimate the ionizing radiation dose to which a person was exposed, 
based on the concentration of the paramagnetic defects in his/her teeth. The 
results we obtained using γ-irradiated quartz samples clearly show that T2, TID, 
and DEER data can be easily correlated with the irradiation dose. Similar meas-
urements in γ-irradiated teeth, based on the same protocols, result in data sets that 
are harder to correlate with irradiation doses, especially when we limit ourselves 
to room temperature conditions (which are to be expected when conducting 
in vivo tests). Nevertheless, based on our experiments, we are still hopeful for the 
potential prospects of using T2 and especially TID measurements to obtain good 
estimates of irradiation doses in teeth. This, however, would require completing a 
much larger set of experiments with a variety of teeth, and also clarifying better 
the issue of the track effect that can be problematic in dose estimation, especially 
for low doses that are more typical of real-life scenarios. Another issue of con-
cern is the limited sensitivity of pulsed ESR that can be a showstopper regard-
ing the measurement of low doses in the ~ 0.5–1 Gy range. Nevertheless, as we 
have already shown in the past [12], this aspect can be dealt with using configu-
rations optimized for in vivo measurements that can cope rather well with doses 
of at least 2 Gy. An additional aspect we would like to emphasize is that while 
our measurements were carried out with teeth subjected to a well-established and 
common treatment of cleaning and crushing (Sect. 2.1.2), their results are clearly 
representative of what we can expect from whole intact teeth (see Appendix 1). 
In conclusion, the present work constitutes a first step towards the possible imple-
mentation of pulsed ESR in the in vivo retrospective biodosimetry of teeth, but 
much work is still required to hopefully transform it into a viable approach in 
the future. In that respect, one possible practice would be to combine the pulsed 
in  vivo quantitative measurements of the tip of the tooth [12] with the pulsed 
spectroscopic measurements of T2 and TID, carried out in this work to provide a 
more complete and accurate picture.
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Appendix 1: Comparison of ESR Spectroscopic Properties for Intact 
and Processed Teeth

The teeth examined in this work underwent pre-treatment of chemical and mechani-
cal nature, as described in Sect.  2.1.2. While this procedure that we carried out 
is well established and appears in many official protocols of ESR dosimetry, it is 
important to verify that such treatment does not affect the spectroscopic properties 
we examined here. To answer this question, we compared teeth irradiated by 100, 
500, and 1000 Gy, using a 137Cs source, before and after the pre-treatment proce-
dure. The results of such comparison, carried out for CW spectra, as well as for 
Hahn echo and inversion recovery measurements, are shown in Figs. 12, 13, 14 for 
the 500 Gy tooth. The CW spectrum shows slight differences in shape, but for the 
pulsed data, which is the essence of this work, there are no measurable differences 
between the results before/after the treatment procedure. The 1000 and 100 Gy (not 
shown) exhibit the same behavior.

Fig. 12  Continuous wave ESR spectrum of intact teeth irradiated by 500  Gy (blue curve) and that of 
the same exact teeth after the pretreatment of base etching and mechanical crushing (red) (Color figure 
online)
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Fig. 13  Inversion recovery results for the same tooth, irradiated by 500 Gy before and after the pretreat-
ment of base etching and mechanical crushing

Fig. 14  Hahn echo decay curve results for the same tooth, irradiated by 500 Gy before and after the pre-
treatment of base etching and mechanical crushing
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