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Low level EPR dosimetry of a commercial sugar
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Abstract — This work demonstrated the combined utility of empty tube subtraction, over-
modulation, native signal subtraction and spectral filtration in low level dosimetry using
commercial sugar samples. The native signal component was found to have an effective peak to
peak equivalent 150 mGy. If the zero dose native signal is accurately modeled and subtracted,
the detection limit was estimated to be 0.2 Gy although intercept uncertainties were as low as
25 mGy. This was enabled by resultant slope uncertainties as low as 3% with residual variations
of approximately 0.1 Gy.
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Introduction
Historical Applications

Historical work with EPR dosimetry largely has focused on applications in retrospective
dosimetry (Wieser and Darroudi 2013), such as epidemiology (Chumak et al. 2008), archaeology
(Blackwell et al. 2016) and radiological emergency response (Alexander et al. 2007). Many of
these applications use tooth enamel although virtually all insulating materials serve as an EPR
dosimeter to some extent with varying performance metrics (lkeya et al 1993). There is a rather
large number of EPR dosimetry materials which have been shown utility in retrospective
dosimetry by others (Dalgarno and McClymont 1989, Wieser et al. 1994, Stachowicz et al.1993,
Haskell et al. 1996, Hayes et al. 2019). When it comes to empirical EPR dose reconstructions
from real world events, materials other than calcified tissues have been successfully utilized.
One such instance was the use of opportunistic heart tablets from an accidental overexposure
(Sagstuen et al. 1983) and then again separately by others (Regulla and Deffner 1989, Kai et al.
1990). In addition, sugar was used by Hutt et al. (1996) to measure the integrated dose in a
kitchen due to accidental storage of a large irradiator source in a drawer. Sugar was also used
by Nakajima (1988) to estimate Pripyat resident doses from the Chernobyl accident. This
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material has even been studied as an EPR dosimeter for both photon (Davidson and Jordan
2009) and heavy ion radiotherapy applications (Karakirova and Yordanov 2015).

EPR is one of the NIST recommended methods for secondary standard dose rate calibration
when using alanine as a dosimeter (Desrosiers 2015). Methods such as over-modulation, signal
filtration along with empty tube and native signal subtraction have been able to obtain
detection limits with alanine as low as 30 mGy (Haskell et al. 1998). These same techniques
have been used to demonstrate detection limits as low as 100 mGy with tooth enamel (Haskell
et al. 1999). These methods are looked at in our present work to evaluate any added advantage
as was found with EPR of alanine. In addition, having a demonstrated analysis algorithm and
measurement approach is an important facet to use an arbitrary sample for dose
reconstruction such as that demonstrated by Nakajima (1995).

Uncertainty Considerations

Typical detection limits found using conventional methods in EPR dosimetry with sugar range
from 0.5 (Wieser et al. 1994) up to 1.5 Gy (Mikou et al. 2015) although other sweeteners have
been claimed to have similar limits (Kinoshita 2010). The EPR response has been demonstrated
to be linear up into the kGy range with saturation doses in the range of some 10’s of kGy
(Marzougui et al. 2012). This will be the first work using the same methods historically shown to
give very low detection limits in EPR dosimetry of tooth enamel and alanine towards that of
commercial table top sucrose samples and demonstrates the commensurate reduction in
detection limits. This was facilitated by attempting to address all the potentially measurable
uncertainty elements discussed by Mazur (2006).

The relevant physics contributing to uncertainty in all quantitative EPR assays are reviewed by
Eaton et al. (2010). A more detailed account reviewing the specific effects from using 1°
derivative spectra of the absorption curve relative to the absorption curve itself or even the
integral of the absorption curve are given by Tseitlen et al. (2012). These were also considered
in this work related to the overall quality attainable with EPR of granular sucrose samples
expected to be present in many domestic locations.

Commercial sugar itself is extracted from either sugar cane or sugar beets. The processing
approaches for both are similar but can entrain source and potentially facility specific trace
materials (such as in the molasses separation and removal from sugar cane sources). As a result
of this, Nakajima and Otsuki (1990) evaluated the EPR spectrum from many countries to
characterize expected source term differences. Modern developments in sugar processing
approaches are driven by profit based technologies which are continuing to develop over time
(Cheng et al. 2018) which would indicate trace impurities and sample handling processes will
continue to evolve well into the future.

Common table sugar (sucrose) is composed of two primary molecular components (fructose
and glucose) where all three of these have been demonstrated to possess distinct EPR
dosimetry properties (Yordanov and Georgieva 2004). Although there appears to be 5 distinct



radiogenic signals in sugar (Kusakovskij et a., 2017), the fraction of amorphous and relative
hydration in the granules has also been shown to create changes in the EPR spectra (Malferrari
et al. 2014). These latter dependencies serve as an additional source of variation among
samples.

Materials and Methods
Sample Preparation

Commercial Domino® sugar was procured on June 8, 2019 at a local supermarket in a sealed
paper bag having an expiration date of May 2021. Granules used had a size range of
approximately 0.3 to 0.55 mm. Samples were irradiated using the protocols described by
O’Mara and Hayes (2020)from a ®°Co gamma cell irradiator with 4 aliquots being exposed at
each dose level. Here, the dose rate was calibrated relative to NIST alanine dosimeters at an
average dose rate of 18 Gy hr'! (O’Mara and Hayes 2020). The dose rate gradient in the
irradiation chamber resulted in each of the 4 aliquots having slightly different doses which were
accounted for accordingly. Samples were then allowed to sit for over a week to allow any
possible transient signal components to decay away.

Because other researchers have shown that the mechanically induced signals can generate
indistinguishable EPR signals relative to the radiation induced signal along with sensitivity
changes (Nakajima and Otsuki 1990), no sample crushing was used whatsoever.

EPR Spectrometer Parameters

A Bruker EMXmicro EPR spectrometer was used for measurements. The EPR parameters used
were 5 G modulation, 20 mW microwave power, 120 G width, 100 ms conversion time, 80 ms
time constant, 10° receiver gain, and 3000 point spectral resolution. Each spectrum consisted of
3 scans resulting in approximately 17 min per total spectral acquisition for each sample at each
dose which gave a single point used in the dose responses. The EPR tubes had an inner
diameter of 5 mm and an outer diameter of 6 mm and were filled with 0.5 g of sample to
almost span the height of the EMXmicro Standard Resonator. In this way, the cavity filling
factor is effectively at its reproducible maximum so that sample mass normalization is relegated
to small changes in packing density which can then be partially corrected using the Mn**
standard in the resonator. As shown by Yordanov et al. (2002) the use of the Mn** standard
with sugar sees the ratio of the sucrose signal to the standard increase only above 1 mW so the
relatively large power is consistent with a smaller Mn** signal intensity as used in this work.

Spectral Analysis Techniques

The empty tube subtraction method of Hayes et al (2000) was used to remove resonator and
quartz tube related signal components from the spectra. This required the use of an integral



Mn** standard inserted up through the pedestal, which was done using encapsulated CaO
powder as an insert.

The process for subtracting the empty tube signal from the sugar spectra is shown in Figure 1.
Here it can be seen that the Mn** lines are first aligned in g-factor and then normalized in
amplitude to give a net zero signal component at their locations. In this way, a net sugar
spectrum with no empty tube signals is obtained. Note that the Mn++ lines can be added back
in as a g-factor and cavity Q metric if desired.
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Figure 1. Spectral manipulation steps for empty tube subtraction. The high frequency noise
spikes seen were tolerated providing they did not occur at any of the peak locations from the
radiogenic signal as they were filtered out prior to quantitation. Random noise spikes were
considered negligible for the spectral analysis methodology utilized.

The Mn** lines can be seen near g-factor values of 2.032 and 1.982 in both the empty tube (ET)
spectrum (top) and the 10 Gy irradiated sugar spectrum (middle) in Figure 1. When aligning the
ET and 10 Gy spectra in g-factor, the amplitude of the ET signal is also adjusted for Q-factor
(amplitude) such that when the ET is subtracted, negligible components of the Mn** lines
remain. A small artifact can still be seen in Figure 1 at g=1.9824 although the general practice is
to have a sum zero of residuals and when needed, to symmetrize any asymmetry between the
pair of Mn** lines from the subtraction which is a subjective assignment.

The spectra were then fast Fourier transformed and subjected to an exponential filter removing
all high frequency components and then back transformed to give a smoothed signal as shown



in Figure 2. The signal intensity was then obtained from peak to peak analysis of the locations
as indicated in Figure 2. Note the effective removal of all noise spikes seen in Figure 1.
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Figure 2. Fourier filtered radiogenic signal at the 10Gy level used for peak to peak and all
subsequent integration comparative procedures.

The Fourier transform resulted in separating out individual frequency components of the signal
such that an exponential filter multiplied by the Fourier spectrum effectively zeroed out all the
high frequency components (such as the noise spikes seen in Figure 1). The approach resulted
in minimal filtration of the low frequency components with progressively increasing attenuation
of higher frequencies with an exponential dependency. The resulting peak to peak intensity of
the inverse Fourier spectrum post filtration was then taken at g-factor values of 2.0116 and
2.0026 (the maximum and minimum of the 10 Gy spectra seen in Figures 1&2).

Absorption characterization

The single and double integration of the typical first derivative signal were obtained as a
comparative result to the peak to peak method. The first integral of the first derivative signal
results in the absorption resonance signal which had a polynomial baseline subtracted. This
signal was then quantified by the single peak intensity as shown in Figure 3 where the region of
interest for the polynomial fit to the background was in g-factor 1.96 to 1.975 and 2.03 to 2.04.
The resulting peak value in the absorption spectrum can then be used in dose reconstructions
for comparison to the peak to peak or total absorption result.
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Figure 3. Absorption signal obtained by integrating the first derivative signal (shown in Figure 2)
after subtracting a polynomial fit to the assumed baseline.

The absorption spectrum in Figure 3 was then integrated to give a cumulative absorption signal
as shown in Figure 4. Here, the asymptotic intensity on the right was utilized as a dosimetric
signal metric. This was the 3™ and final intensity measure used to assess the full dosimetric
methodology for commercial sugar.
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Figure 4. Cumulative Absorption signal obtained by integrating the first integral of the first
derivative signal shown in Fig. 3 equivalent to double integrating the spectrum shown in Fig. 3.

Results and Discussion

The process of evaluating the peak to peak signals as a function of dose from the additive
irradiation protocol resulted in the linear response shown in Figure 5. A residual analysis of the
data shown in Figure 5 resulted in a standard error of the fit equivalent to approximately 100
mGy typical error per measurement scaling the detection limit for this configuration.
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Figure 5. Peak to peak dose response for a commercial sugar sample. No individual
measurement errors were estimated or shown. Levenberg-Marquardt fit results to a traditional
Y=mX+b curve gave a slope of 1.88E-3+0.001 EPR counts mGy* with an ordinate intercept of
0.28+0.05 EPR counts demonstrating both high precision and accuracy.

Uncertainty characterization

The intercept resulted in a statistically significant value of 150 mGy which is attributable to the
native signal arising from the organic radicals. The uncertainty (intercept error) in resolving this
150 mGy background signal was only 25 mGy as seen in Figure 5. This metric is comparable to
those found by other authors (Fattibene et. al, 1996, Nakajima 1988, 1995) as an estimate for
the detection limit. The standard error of the fit (Table 1) was equivalent to 103 mGy which
represents the dosimetric equivalent of the average vertical deviation in the measured dose
response.

The formal definition of a decision limit Lc (i.e., critical value) as initially given by Curie (1968,
1999) is shown in Eqn. 1 with the standard definition for a minimum detection limit Lp
presented in Eqn. 2. The error propagation formulation assumed all variables having zero
covariance is given in Egn. 3 using the 2 norm average. Here, the only 2 variables considered for
variance contribution are back extrapolation to the x-intercept and some contribution from
uncertainty in the background (e.g., native, mechanically induced) signals which would
constitute the random and systematic errors respectively (NIST 1994).

Lc = kyoy = 1.645 X g, Eqn 1.



LD = LC + kﬁO-D = LC + 1.645 x 01 Eqn 2.

o, = (X, 07 1z Eqn 3.

Furthermore, to determine a combined standard uncertainty for a single measurement g, we
included an estimate of the uncertainty in background subtraction in addition to just single
measurement reproducibility variance so that all uncertainty contributors are included in the
calculation of go. This was done to be in conformance with the standard guide to uncertainty
and measurement (NIST 1994). The expected deviation from the mean in a single measurement
b is then estimated by the statistical variation ¢, and the stochastic or systematic variation o
in the form o2 = 02 + 6f. In order to estimate the uncertainty in subtracting out the 150 mGy
background contributions, the rather ad hoc approximation in this case of the standard error of
the fit is used as a surrogate ascribing this value to 103 mGy then seems reasonable for the
empirical offset uncertainty. Assuming the intercept was an empirical offset would resultin a
detection limit at the 95% confidence level of approximately 174 mGy = 1.645v252 + 1032 or
simply 0.2 Gy based on Eqn 1. The concomitant minimum detectable dose coming from Eqn. 2
then becomes 0.4 Gy using the approximation that g, = g. Similar statistical outcomes from
the peak and total absorption curve metrics are given in Table 1.

Table 1. Statistical dose response parameters related to various metrics for assessing the
radiogenic EPR signals generated in a commercial sucrose sample using a fit model of Y=mX+b
with root mean square of the residuals provided in the last column

Slope Slope Ordinate Standard fit
(EPR counts  errorf  Ordinate intercept Intercept Correlation error
Intensity metric mGy) (%) (EPR counts) errori (%) Coefficient  (EPR counts)
Peak to peak 1.88E-03 3% 0.28 85% 0.9995 0.193
Absorption peak 4.61E-04 13% 0.10 250% 0.9991 0.064
Total absorption 4.28E-04 14% 0.086 279% 0.9989 0.066
TUncertainty calculated according to Press et al. 1992 for linear least squares fitting expressed as a

percentage.

Comparison to other results

The previous methods for obtaining notable improvements in the precision and accuracy of
tooth enamel (Hayes et al. 2000) and alanine (Hayes et al. 2000) have now been applied to
simple sugar with comparable gains. The previous work utilized smaller samples and a constant
rotation goniometer (Haskell et al. 1997), with the latter not being used here due to the large
sample sizes. With simple sugar, it is expected that when used in real world application that a



few grams would be a very small portion of the sample volume available for dose
reconstruction.

Some prior estimates on EPR detection limits utilized individual measurement reproducibility
without a metric (Nakajima 1988, & 1995, Fattibene et al. 1996), or in another case, a standard
error of the mean (Nakajima 1995) and so did not use the same formalism as done here. As
such, our detection limit values (Eqn. 1) are not directly comparable and have greater values
given the different metrics utilized for this estimate. The use of the standard error of the fit for
a systematic error is technically inequivalent but used only out of convenience in having an
alternate metric for the systematic uncertainty present in subtracting out all natural signal
components in the sample such as mechanically induced, ambient or impurity organic radicals
and event background radiation signal components. Rather than

Signal components

This work has also illuminated the use of different methods for signal intensity quantitation
which were then evaluated to show comparable performance between traditional peak to peak
to that of absorption peak and total absorption approaches. These different metrics are not all
independent but mix various components of at least 3 distinct radical centers (Cooman et al.
2008) and likely as many as 5 radical species (Kusakovskij et al. 2017) contributing to the overall
spectrum.

The peak to peak method is dominated by the extrema superposition’s at select g-factor values.
The absorption peak is the superposition of all signals at their individual intensities at some
single central location. With both the 1%t derivative and absorption peak methods, different g-
factors and linewidths will cause varying contributions to each metric. The total absorption
value is the integrated sum of all distributed signal components together and so includes in
principle all signal components. As such, these are all correlated metrics of the same value and
could not be averaged with an assumed reduction in uncertainty by the approximate 32 value
but certainly something less. This does not mean that all three dose responses represented in
Table 1 cannot be averaged, they certainly can and with some nominal expected decrease in
overall weighted uncertainty but at a lower error reduction than that expected from
uncorrelated (independent) signals.

Conclusions

The methods of using an internal Mn++ standard along with sample overmodulation,
normalized empty tube subtraction, high microwave power, 1% derivative peak to peak
assessment and spectral filtering with a maximum mass and signal filtration allowed dose
reconstruction with single measurement resolution in the range of 100 mGy with a detection
limits estimated near 0.2 Gy.
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