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Abstract

Electron paramagnetic resonance (EPR) spectroscopy is an essential tool to
investigate the effects of ionizing radiation, which is routinely administered for
reducing contaminations and waste in food products and cosmetics as well as for
sterilization in industry and medicine. In materials research, EPR methods are not
only employed as a spectroscopic method of structural investigations, but also have
been employed for detection of changes in electronic structure due to radiation
damage from high energy X-rays, for example, to monitor radical formation inside
biomolecules caused by X-ray irradiation at carbon, nitrogen, and oxygen K-edges
at synchrotron facilities. Here a compact EPR spectrometer, based on EPR-on-a-
chip (EPRoC) sensor and a portable electromagnet, has been developed as a solution
for monitoring radiation damage of samples during their investigation by X-ray
absorption spectroscopy (XAS) at synchrotron facilities. A portable electromagnet
with a soft iron core and forced air temperature stabilization was constructed as
the source of the external magnetic field. The sweep range of magnetic field inside
the most homogeneous region of the portable electromagnet is 12-290 mT. The
compact spectrometer performance was evaluated by placing the EPRoC sensor
inside either a commercial electromagnet or the portable electromagnet to record the
EPR spectrum of tempol, irradiated alanine, and dilithium phthalocyanine (Li,Pc).
The potential performance of the portable spectrometer for the detection of radiation
damage in organic compounds and transition metal-containing catalysts during XAS
measurements in both fluorescence and transmission modes was calculated with
promising implications for measurements after implementation in a synchrotron-
based XAS spectrometer.
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1 Introduction

Electron paramagnetic resonance (EPR) is an important tool to detect and
investigate the electronic properties of paramagnetic materials. It is highly
effective in detecting and studying radicals and EPR-active transition metals
that are present in many biological systems. One important application of EPR
is monitoring the radiation dose of food products, cosmetics, and drugs after
their sterilization via ionizing radiation of gamma- and X-rays or electron beams
[1-4]. Tt was found that gamma rays generate paramagnetic centers inside the
bone fragments contained within meat products which has led the European
Committee for Standardization to adopt EPR as one of the methods employed
to identify irradiated food [5]. EPR has also been applied to detect radicals
generated in antibiotics like piperacillin, ampicillin, and crystalline penicillin
after their sterilization with gamma-irradiation which may potentially reduce the
pharmacological activity and alter the pharmacokinetic properties of the drugs. It
has been shown that gamma radiation can induce formation of up to 10'” spins/g
in penicillin [6]. For comparison, a tiny fragment (10 g) of 2,2-diphenyl-1-
picrylhydrazyl (DPPH) contains about 10'* spins and is commonly used as a
standard sample for quantitative EPR measurements due to its strong EPR signal
[7].

In industrial and medical fields, EPR can be used to measure the radiation dose
absorbed by alanine in reference dosimeters [8—11]. Alanine dosimetry has been
evaluated in clinical trials for the precision with which the radiation dose received
by a patient during radiotherapy may be determined. It was demonstrated that
precisions between 1 and 6% could be achieved for various irradiation methods [12].
Several studies have shown that EPR-sensitive tooth dosimetry can be successfully
applied to assess the exposure of patients to ionizing radiation after a high-radiation
exposure event [13, 14]. In addition to dosimetry measurements, EPR is commonly
utilized in chemistry and biology together with X-ray absorption spectroscopy
(XAS) to investigate important structural parameters like symmetry, bonding and
ligand properties of complex molecules such as blue copper and iron-sulfur proteins
[15-17].

While EPR is a non-destructive method, X-ray irradiation often damages the
samples under interrogation [18-21]. It has been demonstrated that after only
10 min of X-ray absorption near edge structure (XANES) measurements at the
Cu K-edge (~9000 eV) on Cu(Il) organometallic species (CuH(TMEDA)@A1203,
where (TMEDA) =tetramethylethylenediamine), the concentration of Cu(I) species
in the sample can increase by a factor of 2 after the reduction of Cu(Il) species due
to ionizing radiation [22]. As Cu(Il) is paramagnetic while Cu(I) and Cu(0) are
diamagnetic, the radiation damage in Cu(Il) will be detected in EPR as a decrease
of the signal intensity during the XANES measurement. A similar approach has
been demonstrated in biomolecules irradiated by soft X-ray radiation at the SPring-8
synchrotron facility [23]. A cavity of an X-band EPR spectrometer was integrated
into a high-vacuum chamber connected to the beamline. The spectrometer was found
to successfully determine the radical formation induced by ionizing radiation. While
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EPR can be a useful tool for assessing damage caused by the ionizing radiation
present during X-ray spectroscopy experiments, it is not commonly implemented in
XAS spectrometers likely due to high costs and technological complexity of modern
EPR devices. A critically coupled, high quality factor (Q) resonator is typically
used in conventional EPR spectrometers that creates a significant spatial limitation
for sample access, especially when considering implementing EPR detection into
an existing technology. Similarly, big electromagnets are typically used such that a
conventional EPR spectrometer cannot easily be integrated inside the measurement
chamber of an X-ray spectrometer.

Spatial restrictions aside, the detection system for XAS must be considered.
The XAS signal can be recorded in three modes: transmission, fluorescence, and
electron yield; the last of which will be omitted because the influence of the applied
magnetic field, required for EPR experiments, disrupts the trajectories of the emitted
Auger electrons. In transmission geometry, the intensity of the incident X-ray beam
is measured together with the intensity of the beam after it has passed through
the sample. It is, therefore, the ratio between these intensities that determines the
absorption spectrum. In fluorescence mode, the detector is placed perpendicular to
the direction of the incident X-ray beam. Atoms inside the sample absorb the X-ray
radiation, forming excited states while leaving vacancies in one of their core orbitals.
If the empty core level becomes occupied by an electron from a higher energy
level, X-rays of lower energy will be emitted in random directions to be detected
by the fluorescence detector [24]. While transmission mode is recommended for
measurements of concentrated and homogeneous materials, diluted and non-
homogeneous samples are commonly measured via fluorescence detection [25].
The integration of EPR into an XAS spectrometer will, therefore, require a highly
tailored design, such as that of a small, resonator-free EPR spectrometer to provide
access to EPR measurements in existing X-ray chambers.

It has been recently demonstrated that utilizing EPR-on-a-chip (EPRoC) technol-
ogy alleviates the spatial restrictions of the conventional spectrometer to allow EPR
measurements in a confined environment [26-28]. The EPRoC contains a voltage-
controlled oscillator (VCO), which functions both as the microwave source by pro-
ducing microwaves and as the detector via inductively detecting the EPR signal as
a change in either the amplitude or the frequency of the oscillation. To this end, we
herein present such a portable spectrometer where the microwave source and detec-
tion system are comprised of a single-coil VCO while the external B field is swept
via a portable electromagnet (EM). The EPRoC-based spectrometer is small enough
to be integrated into XAS spectrometers and monitor radiation damage caused dur-
ing X-ray investigations. The scheme of a potential synchrotron-based deployment
of the X-ray compatible EPRoC spectrometer is presented in Fig. 1. To further tai-
lor the EPRoC spectrometer to the synchrotron environment, an EPRoC with a hole
through the silicon chip containing the VCO was fabricated via focused ion beam
(FIB) milling to enable the additional possibility for both fluorescence and trans-
mission modes of XAS measurements in the event that both detection schemes are
available in the host chamber.
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Fig. 1 a Scheme of the possible integration of the portable EPRoC-based spectrometer into a typical
XAS measurement chamber for radiation damage detection during synchrotron XAS experiment in fluo-
rescence mode (with fluorescence detector) and transmission mode (with transmitted flux detector). b
Photo of the EPRoC with a hole drilled inside coil. ¢ Scanning electron microscopy image of the hole
inside the EPRoC

2 Methods
2.1 Sample Preparation

To estimate EPRoC spin sensitivity mixed powder samples of known spin
concentrations were prepared from 4-hydroxy-2,2,6,6-tetramethylpiperidinyloxyl
(tempol) and sucrose octa-acetate (SuO) in proportions ranging from 1 to 100%
w/w. The number of spins (Ng) inside the sensitive volume of the EPRoC
was estimated to be between 10'* and 10'® total spins assuming an ellipsoidal
cylinder with a volume of 7.2 nL as the active area of the EPRoC coil,
approximated after appropriate scaling from the determination of the sensitive
volume and B, distribution in a smaller VCO coil [29].

Alanine powder (MP Biomedicals) was placed inside glass vials and
irradiated using a cobalt source for exposure to gamma-radiation. The dose
rate was measured inside a Farmer chamber with a calibrated Unidos, used to
readout values of the current. The sample was exposed to constant irradiation
at the maximum achievable rate for 9 days before being removed from the
irradiation chamber. The estimated total radiation dose of the sample was around
16 kGy. The spin concentration of the sample was measured by conventional
EPR spectroscopy by comparison of the double integral intensity of a Bruker
irradiated alanine standard. The number of spins per cubic millimeter was then
calculated for comparison with the active volume of the single-coil EPRoC and
resulted in a total number of spins inside the sensitive volume of the EPRoC of
9.6-10'%
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Samples were placed directly onto the EPRoC in an excess amount to
completely cover the entire area of the VCO. This ensured that the sensitive
volume of EPRoC would be completely filled with the sample reducing sample
placement errors when comparing total signal intensity between samples. All
samples were measured in powder form and under normal atmosphere. After
each measurement, the EPRoC surface was gently cleaned with ethanol.

2.2 Portable Electromagnet

For establishing the external B field, a small electromagnet (25X20 cm) was
designed such that the magnetic field can be swept between 12 and 290 mT. Due to
the fact that the EPRoC should work both in transmission and reflection XAS mode
and due to limited space inside the vacuum chamber of the X-ray instrumentation,
permanent magnets that have sufficient field strength for C-band (here 7 GHz) with
the necessary homogeneity criteria are not easily constructed. The core of the elec-
tromagnet was constructed from soft iron (Vimvar, Type 1, ASTM A848-01) and the
tips were machined from an iron-cobalt-vanadium alloy (Hiperco 50, Type 1, UNS
R 30005, ASTM A801) supplied by Nicofe Materials Ltd. For the coil construction,
enameled copper wire with a diameter of 1 mm was used. The magnet is equipped
with a forced-air cooling system to increase thermal stability and prevent overheat-
ing. The intended installation would isolate the majority of the magnet, including the
necessary air cooling, outside of the UHV chambers such that only the pole shoes
would be integrated into the measurement cell. In this case, the sample space can
be separated from the vacuum chamber by a silicon nitride window. Using a current
of 1.87 A supplied to the coils via a programmable benchtop power supply (RND
320-KA3305P) a magnetic field of 250+0.1 mT in the most homogeneous region
was generated, which corresponded to the resonance position of the EPRoC for most
organic radicals (g=2). The magnetic field was measured for different positions of
the Hall probe placed close to the central point between the pole shoes. The posi-
tion was varied in steps of 0.1 mm. The position of the Hall probe where the mag-
netic field was at a maximum within the y- and z-directions while at a minimum in
the x-direction was determined to be the most homogeneous region. The center of
the region corresponded to the center of the pole shoes with coordinates x=0, y=0,
z=0. The mapping of the magnetic field within the xy-plane was performed around
the center of the pole shoes by recording the magnetic field at varying positions of
the Hall probe. The error in measuring the absolute magnetic field was determined
by the precision of the gaussmeter and probe (LakeShore 421). A graphical depic-
tion of the portable EM and the field mapping around the region where the magnetic
field is most homogeneous is given in Fig. 2. The homogeneous region was found to
be quite small (1-2 mm) such that outside of this region the magnetic field increases
dramatically (3-9 mT); however, the area of high homogeneity was sufficiently large
to encompass the width of the VCO coil of the EPRoC.

To accurately control the B, field while sweeping through resonance,
two Hall probes were used to properly calibrate the system before perform-
ing EPR measurements (Fig. S1). The magnetic field was first measured inside
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Fig.2 a 3D graphical depiction of the portable electromagnet. The current supplied to the coils (1.87 A)
resulted in a magnetic field of 250+0.1 mT. b A map of the magnetic field measured in the middle of the
pole shoe of the portable electromagnet where the magnetic field is the most homogeneous, centered at
x=0, y=0 in the plot
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Fig.3 a The hysteresis curves of the portable EM during subsequent current cycles. Only negligible
changes were observed between the second and third current cycles demonstrating that thermal equilib-
rium was achieved. b The hysteresis curves of magnetic field when recorded using the Hall probe placed
inside the most homogeneous region of the magnet (central probe) and the Hall probe placed on the adja-
cent side closest to the pole shoe of the magnet (peripheral probe)

the most homogeneous region using a single Hall probe placed in the center of
the poles (central probe) while repeatedly cycling the current (0-2.65 A) sup-
plied to the coils with a step size of 0.05 A. Magnetic field values were recorded
using a gaussmeter (LakeShore 421). A change in the magnetic field response
with respect to the supplied current was observed between the first and second
recorded cycles; however, only negligible changes were observed in subsequent
cycles demonstrating that thermal equilibrium was achieved (Fig. 3a). An addi-
tional Hall probe, connected to a separate teslameter (Projekt Elektronik FM
302) was placed peripherally to the central probe, on the right side of one of the
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pole shoes of the portable EM (peripheral probe). During calibration, the current
inside the coils was swept between 0 and 2.65 A while the magnetic field was
recorded from both probes. Figure 3b depicts the dependence of the field detected
by the central probe (B "™, in blue) and the field detected by the peripheral
probe (BPeiPheral in purple) on the current across the coils of the magnet. To
accurately determine the intensity of the magnetic field in the center of the mag-
net from the magnetic field recorded by the peripheral probe, the B, "™ values
were approximated as a comparative 10th order polynomial function, p, with
respect to the BPPeral yalues, minimizing the function,

N
2

2
peripheral | _ pcentral

p<Bi ) B

i=0

where N is the number of data points recorded during the measurement. The poly-
nomial function p was then used to calculate values of the magnetic field within the
most homogeneous region of the magnet (Bfalculated) from those recorded using the
peripheral probe for every value of the current as follows,

N

gealculated _ P( Bperipheral)’ o= l Z Beelculated _ peentral 2
l 1 N l l
i=0

The error, o, attributed to the values of the magnetic field was estimated as the
root mean square deviation between the calculated magnetic field and the actual
measured values, as shown in the above equation, resulting in ¢ = 0.101 £0.003
mT. The value of ¢ obtained is comparable to the sensitivity of the teslameter and
gaussmeter used for the magnetic field measurements and may be considered as the
overall error for the calculated magnetic field values within the most homogeneous
region. Upon conclusion of the calibration procedure, the central probe was removed
and the EPRoC was placed in the center of portable electromagnet. During the EPR
measurements the field was swept by changing the current inside the coils while
the values of the peripheral probe were recorded to calculate the B field present at
the location of the EPRoC in the magnetic field. A settling time of 4 s was chosen
to ensure that the electromagnet has reached thermal equilibrium before measuring
at each field position in the recorded spectrum. The calibration procedure as well as
all EPRoC measurements inside the portable electromagnet were controlled using
home-written Python scripts executed within the open-source software package
Qudi [30].

2.3 EPR-on-a-Chip (EPRoC)

A chip-integrated voltage-controlled-oscillator-based EPR spectrometer was used as
both the microwave source and the detector. The chip consists of a LC-tank VCO
and a phase-locked loop (PLL) that stabilizes the VCO frequency. The detection
principle is similar to previously published works [26] however, the chip reported
herein was manufactured in the 130 nm IHP SGI3S bipolar complementary
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metal-oxide—semiconductor (BiCMOS) technology. In short, the VCO consists of
a single octagonal coil with a diameter of 400 um, a voltage-controlled capacitor
(varactor), and a cross-coupled transistor pair to compensate for the energy lost in
the resulting LC oscillator similar to previous EPRoC designs [28, 31, 32]. The
VCO was designed to generate microwave fields (B,) in the C-band with frequencies
ranging from 6.656 to 7.056 GHz. To ensure a stable B)-field frequency against
process-voltage-temperature (PVT) variations, the VCO is embedded in an integer-N
PLL with a feedback frequency divisor of N=4. Reference frequencies between
1.664 and 1.764 GHz were supplied at the PLL input by a Rohde and Schwarz
SMIQ 04B RF signal generator. Frequency modulation (FM) of the reference
frequency is applied instead of the field modulation used in conventional EPR,
thus eliminating the necessity for additional field-modulation coils. Because of the
closed-loop operation of the EPRoC sensor, EPR-induced frequency perturbations
in the VCO are corrected within the PLL bandwidth, enabling implicit demodulation
and direct measurement at the varactor control terminal. The EPR signal is recorded
via a change in the LC tank oscillation frequency, rather than the typical MW
absorption measurement employed in conventional EPR, and a dispersion-like
signal is obtained [29, 33-35]. EPR measurements were performed by inserting the
EPRoC, placed on a printed circuit board, between the poles of either a commercial
electromagnet (Bruker B-E 25 electromagnet and ER 083 power supply, large EM)
from a Bruker ESP300 spectrometer or a portable electromagnet (portable EM, see
Sect. 2.4). The EPR signal was recorded by keeping the oscillation frequency of
the EPRoC constant while sweeping the magnetic field, B, and was acquired using
a lock-in amplifier (Anfatec eLockIn 203). A modulation frequency of 100 kHz
and frequency deviation of between 500 and 800 kHz was applied to the reference
frequency directly using the signal generator. Due to the PLL feedback factor of 1/4,
the actual frequency deviation of the VCO frequency is between 2 and 3.2 MHz.
Photos detailing the experimental configurations can be found in the Supporting
information (Fig. S1).

All spectra recorded with the EPRoC were baseline corrected using a polynomial
function of varying order due to the presence of a relatively intense baseline that
changed independently of the magnetic field and temperature (Figure S2). The
recorded spectra were simulated using the EasySpin software package available in
Matlab (Mathworks) [36].

2.4 Fabrication of a Hole Inside the EPRoC

The fabrication of a hole through the VCO of the EPRoC was performed as a
proof-of-concept experiment using a process similar to that reported in Ref.
[37] by focused ion beam milling. Focused ion beams locally remove material
based on physical sputtering providing mask-free and high-resolution pattern-
ing. The measurements presented in the current work were performed using the
EPRoC before hole drilling with the sample placed directly on the surface of the
VCO. The hole drilling was performed with a 30 kV gallium ion beam in a Zeiss
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Fig.4 Secondary electron micrographs of the hole fabrication process inside the EPRoC. a Image of the
reference hole viewed from the front side of the EPRoC with image artefacts due to charging. b Image of
the reference hole viewed from the back side of the EPRoC. A circular pattern for the big hole is depicted
with a dashed yellow line. ¢ Image of the FIB milled hole on the back side of EPRoC, and d the image of
the resulting hole from the front side of the EPRoC

Crossbeam 340 microscope. For this purpose, the ion beam was scanned on a
circular area with a circular-shaped beam path. An overview of the hole fabrica-
tion protocol is presented in Fig. 4, where the label “front” has been placed in
reference to the side of the EPRoC where the VCO is closest to the surface while
“back” refers to the opposite side. Since the typical spot size of the X-ray beam
during synchrotron-based XAS experiments can be estimated as 200 pm X 200 pm
[38], the diameter of the hole inside the VCO was chosen to be between 300 and
350 um to allow the X-ray beam to pass through the EPRoC during XAS experi-
ments. The diameter of holes that can be produced is limited by size of the coil,
which is 400 um. Moreover, the tailing of the ion beam, caused by increasing
transverse thermal velocity, may damage the coil during the FIB milling [39].
Therefore, the milling of the hole was performed from the back of the EPRoC
PCB to ensure that the ion beam tails would not damage the beam-sensitive
VCO. For proper alignment of the circular pattern of the hole when viewed from
the back of the PCB, a reference hole was first milled in the center of coil from
the front side (Fig. 4a) using a small beam current of 30 nA, a pixel distance
of 22.5 nm and an overall ion dose of 850,000 mC/cm?. The reference hole was
clearly visible from the back side (Fig. 4b) and acted as a marker for the position
of the center of the coil (Fig. 4b, yellow dashed line). Using a large beam cur-
rent of 50 nA, a pixel distance of 22.5 nm and an ion dose of 72,000 mC/cm?, a
hole with a diameter of around 330 pm was then milled from the back side of the
EPRoC (Fig. 4c). The resulting hole diameter on the front side of the EPRoC is
slightly reduced to around 322 um, partly due to the non-ideal beam profile for
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this very high ion current and partly due to redeposition at the side walls. The
optimized FIB protocol allowed for the fabrication of the target hole diameter
inside the EPRoC without damaging the coil. The preservation of EPRoC per-
formance after FIB milling was verified and presented in [37]. After considera-
tion of the effort required, the EPRoC devices which underwent hole-fabrication
in the VCO coil were not used within the current investigation and are instead
reserved for eventual installation in an XAS spectrometer.

3 Results
3.1 Evaluation of the EPRoC Inside a Commercial Electromagnet

To test the achievable sensitivity, the EPRoC was placed inside a commercial
electromagnet as the B, homogeneity of the conventional system is well below the
linewidths of the samples investigated. Further analysis of the recorded spectra was
performed under the assumption that the commercial electromagnet did not play a
role in any signal or baseline distortions. Tempol samples of varying spin
concentrations were used to estimate the spin sensitivity of the EPRoC, the results
of which are shown in Fig. 5a after the appropriate scaling factors were applied to
allow visual comparison between the recorded spectra. The total number of spins is
presented in a logarithmic scale and the amplitude of the FM signal (dispersion-
like), the amplitude of the imaginary component of the Hilbert-transformed FM
signal (absorption-like), and the twice integrated absorption-like signal or double

a) Sample 1 b) _ Absorption-like
xl 3.0- 10 -1} — Dispersion-like
DI
— Sample 2 | &
-1.5}
— 29-10% | 3
s =
&n Q.
1) Sample Ljy g 2+
1.6-10° | 5
L2
=251
— Sample 4
L1014
3.1-10 A
230 235 240 245 14.5 15 15.5 16 16.5
B, (mT) log(N)

Fig.5 a EPRoC spectra of tempol samples with differing total number of spins contained within the
VCO coil. The spectra have been increased in scale by the factor listed above each spectrum to allow for
a convenient visual comparison. b Dependence of the signal intensity on the total number of spins, dis-
played using a logarithmic-logarithmic (log-log) scale. The amplitude of the FM signal (dispersion-like),
the imaginary component of the Hilbert-transformed FM signal (absorption-like), and the integrated
absorption-like signal or double integral signal (DI) increase linearly with the total number of spins pre-
sent inside the VCO coil
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Table 1 The sample number, total number of spins present within the VCO coil of the EPRoC, the SNR
with respect to the square-root of the number of acquired spectra, and the normalized amplitudes, shown
as a percentage relative to the intensity observed when measuring Sample 1, of the FM-signal (disper-
sion-like) the Hilbert transformed FM-signal (absorption-like) and the second integral intensity of the
absorption-like signal

Sample Number of spins SNR/y/scans Dispersion-like Absorption-like signal
signal
Normalized Normalized Normalized
amplitude, % amplitude, double integral,

% %

Sample 1-100% 3.0 - 10'° 124 100 100 100

Sample 2-10% 2.9 - 10" 21 12 11 9

Sample 3-5%  1.6- 10" 10 9 7 6

Sample 4-1% 3.1 - 10" 1 1 1

integral (denoted as DI) are shown for comparison. To increase the signal-to-noise
ratio (SNR) of the recorded spectra, the FM signal was digitally filtered using a
Savitzky—Golay filter with a window length of 0.5 mT. These values were chosen as
to not introduce broadening of the EPR lineshape while maximizing SNR. The
resulting SNR normalized to the square root of the number of acquired spectra in
each measurement (SNR/y/scans) is presented in the Table 1. The relative
amplitudes for each dispersion-like and absorption-like signal are given as a
percentage of the amplitude obtained when the entire volume of the sample is spin-

containing, such that for Sample i: p = :g’:z—m - 100%, where p is the relative

percent presented, v is the amplitude of dispersion-like, absorption-like, or double
integral signal, and i is the number of sample (i= 1, 2, 3, 4).

— Alanine

Signal

230 232 234 236 238 240 242 244 246 248
B 0 (mT)

Fig.6 EPR spectrum of irradiated alanine (9.6 10'? spins) after 49 acquisitions, recorded over 18 h of
continuous measurement using the commercial electromagnet. From the SNR achieved (21.3), the per
hour sensitivity of the EPRoC was estimated (5.8-10'2 spins) assuming SNR =3
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To further evaluate the sensitivity of the EPRoC, an irradiated alanine sample
commonly used for industrial and medical dosimetry applications [8—12] was
investigated using the EPRoC and the commercial electromagnet. The EPR
spectrum of alanine was recorded by averaging 49 acquired spectra which required
18 h of continuous measurement (Fig. 6). The recorded FM-signal was digitally
filtered using a Savitzky—Golay filter with a window length of 0.3 mT to increase
the SNR of the spectrum without broadening the linewidth of the signal. Because
the SNR increases with the square root of the number of acquired spectra, it was
calculated from the total SNR of the spectrum after filtering (21.3) that after only
one hour of measurement time, ~3 acquired spectra would be recorded yielding an

SNR = 2327 _ 5. For a signal with SNR =3 to be recorded in 1 h of measurement

Vi

time, the number of spins in the sample must be equal or greater than
9.6-10'. % =5.76-10"% total spins assuming a linear dependence of signal
amplitude on the absolute number of spins inside the coil as shown in Table 1. In the
absence of magnet settling time (approximately 1 s for the commercial
electromagnet), the spin sensitivity observed is similar to that of similar architecture
BiCMOS EPRoC devices as reported in Ref. [28]. Further information regarding
sensitivity may be found in the Supporting information.

3.2 Evaluation of the EPRoC Inside the Portable Electromagnet

The capabilities of the portable electromagnet were investigated by recording the
EPR spectrum of dilithium phthalocyanine (Li,Pc) with the EPRoC and both the
commercial electromagnet and the portable electromagnet. The sample was meas-
ured under normal atmosphere. The number of spins inside the sensitive volume
of the EPRoC was estimated as the number of Li,Pc particles, calculated using the
measured density of the powder without consideration of particle packing, and is

— a) o e Raw data b) e Raw data
g Conventional em { Fit Portable em — Interpolated
= "': data
7] o' \ .
o 0" \ Fit
qN) 0o
= o0
E [ 34
55 S0
W s
-2 -1 0 1 2 -2 -1 0 1 2

Fig.7 a EPR spectrum of Li,Pc obtained when the EPRoC is placed in the commercial electromagnet.
The fit to the data obtained via simulation and least-squares analysis is shown in green. b EPR spectrum
of Li,Pc obtained when the EPRoC is placed in the portable electromagnet. The data were interpolated
(grey) before performing a fit to the data (green) as performed in (a). Spectra are presented as the change
in magnetic field with respect to the observed resonance position, see text
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approximately 3.7 - 105, The spectrum was first obtained using the commercial elec-
tromagnet, from which the resonance position and lineshape of Li,Pc when recorded
using the EPRoC were obtained (Fig. 7a). The spectrum was subsequently recorded
for comparison with the EPRoC placed between the poles of the portable electromag-
net after the calibration routine was completed, replacing the central probe within the
homogeneous region of the magnetic field (Fig. 7b). Both spectra are presented as the
dependence of the EPRoC signal from the deviation of the measured magnetic field
from the resonance position AB, = B — B ., Where By is the magnetic field, swept
by electromagnet, and By . is the value of the magnetic field at which the resonance
is observed. The spectrum recorded in the commercial electromagnet was simulated
using the pepper function in the EasySpin library for MATLAB (Mathworks) [36].
From a least-squares analysis using esfit in EasySpin, g=2.0064 and a linewidth of
0.25 mT (FWHM) were obtained after a phase correction of —0.08n (~—0.25 rad
or— 14.4°). The spectrum was then recorded in the portable electromagnet with a
much smaller number of points, broadening the linewidth on the order of the size
of the field steps when sweeping the field. To permit simulation of the recorded
spectrum, the data were interpolated using a modified Akima piecewise cubic Her-
mite interpolation algorithm [40, 41] in MATLAB (Mathworks), resulting in an EPR
spectrum with SNR=105. The interpolated data were similarly simulated and fit by
least-squares analysis to obtain g=1.9653 and a line width of 0.73 mT after a phase
correction of +0.087 (~+0.25 rad or + 14.4°).

4 Discussion
4.1 Estimation of EPR Capabilities During XAS Experiments

The portable EPRoC spectrometer was developed for EPR detection of radiation
damage of samples during X-ray absorption spectroscopy experiments as well as
for possible applications in measuring the accumulated irradiation dose in organic
radicals such as in alanine, which is commonly used for industrial and medical
dosimetry applications [8—12]. X-ray spectroscopic methods are commonly used
for research in important organic and biologically active molecules, such as amino
acids, nucleotides, and proteins. Typical XAS measurements are performed with
X-rays with energies slightly above the binding energy of the electron shells of the
atoms within the sample investigated. The increase in the X-ray absorption that
occurs at this energy is referred to as the absorption edge. For instance, typical
experiments for organic compounds are performed at the carbon K-edge (~284 eV),
the oxygen K-edge (~532 eV), the nitrogen K-edge (~402 eV), and the phosphorus
K-edge (~2146 eV) [42]. To estimate the feasibility of detecting paramagnetic
species induced by X-ray radiation during XAS experiments using the portable
EPRoC spectrometer, it was necessary to estimate the generation rate of alanine
radicals (spins) when subjected to ionizing radiation.

The energy absorbed by the sample per second when irradiated by incident X-rays
with energy E; iqent [43, 44] can be written as follows,
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E,

absorbe

4 =@ -E a- e—(ﬂ/ﬂ)-x)

incident

where ® — photon flux, u/p is the mass attenuation coefficient and x = ¢ - p, with
¢t and p being the thickness and mass density of the sample accordingly, y is the
attenuation coefficient.

The typical photon flux for a synchrotron facility is 10'2-10'3 photons per
second [38]. The X-ray energies (Ej.ijen;) Would then result in absorbed energy
rates of ~45 wl/s, 64 ul/s, and 85 pl/s for carbon, nitrogen and oxygen K-edges,
respectively, and photon flux of 10'? photons/s.

The mass attenuation coefficient u/p for alanine at a moderate energy of incident
photons (~1000 eV) is 3064 cm2/g [45]. Considering the sensitive area of the
EPROC, the absorbed energies within the alanine may be estimated from the total
X-ray exposure time, the estimated thickness (120 um) calculated based on the coil
size and prior measurements of B, distributions in similar VCO coils, and the mass
density (1.42 g/cm®) of the material such that the absorbed energy rate corresponds
to each atom considered (C, N, O).

To calculate the rate of absorbed radiation dose, the mass of the sample must be
considered. The size of the incident beam varies for different XAS spectrometers but
may in general be estimated as a circle with a diameter of 200 um for synchrotron
facilities [38, 44]. The beam size is greater than the sensitive area of the EPRoC
such that the volume of an irradiated sample when measured by the portable EPR
spectrometer can be estimated as 7.2 nL and is limited by the coil diameter of the
EPROoC, resulting in a mass of ~ 10 pg of alanine irradiated within the coil. The rates
of absorbed radiation dose are 4.5 kGy/s for the carbon K-edge, 6.4 kGy/s for the
nitrogen K-edge and 8.5 kGy/s for the oxygen K-edge.

The dependence of the EPR signal amplitude of alanine on the radiation dose
absorbed is approximately linear for doses up to~100 kGy; however, for doses
between 100 and 5000 kGy, the signal intensity initially ceases to increase before
decreasing substantially at higher doses [8, 46, 47]. The calculated dose rates
may then be used to estimate the rate at which the EPRoC signal will increase or
decrease during XAS measurements. The EPRoC spectrum of alanine which yielded
an SNR of 21.3 (Fig. 6) was recorded for a sample that was irradiated by gamma-
radiation from a cobalt source with a total dose of 16 kGy and required 18 h of
continuous measurement. It has been demonstrated that the relative response
of alanine to X-ray radiation in the keV range in comparison with %°Co radiation
differs by approximately a factor of 0.6 [55]. Since the energies required for the
XAS measurements of alanine are in the 0.3-2 keV range, the number of alanine
radicals generated by gamma-radiation is used as an estimation for the number
of the radicals generated by X-ray radiation. Considering the rates of absorption
calculated above for the carbon, nitrogen, and oxygen K-edges of alanine during
irradiation, the number of total spins required to achieve SNR of 3 with the EPRoC
would be generated on the order of~0.5-5 min while the typical measurement
time for XAS experiments is on the order of 20 min. Therefore, the sweep time of
the portable electromagnet is the limiting factor with respect to time during data
acquisition. In the case of transition metal XAS measurements, Cu?* ions, which
are present in many catalysts [48-50] as well as some biologically active species
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such as metalloproteins [51, 52] can be reduced during radiation damage to
EPR-silent Cu* states [44]. It has been demonstrated that surface grafted Cu(Il)-
tetramethylethylenediamine (Cu-TMEDA) species were rapidly degraded to Cu(I)
upon irradiation using focused X-rays from a high brilliance source (10'>-10'
photons-mm_z-s_l). It was shown that fraction of Cu(I) states, observed in the XAS
spectrum of the sample, increased from~0.4 to~0.8 after ten minutes of exposure
to X-rays [22]. In some catalyst materials, the Cu(II) content can be quite high, such
as in CuO-CeO, (up to 40% wt Cu) [53]. Given the mass density of the material
(6.83 g/cm?), the number of spins within the sensitive volume of the EPRoC was
determined (1.5 - 10'7 spins). The EPRoC measurements of the irradiated alanine
sample demonstrated the spin sensitivity of 5.8-10'% spins, which means that 5.8-10'2
spins can be recorded using the EPRoC in one hour with SNR=3. Assuming the
degradation rate of Cu(Il) species during X-ray exposure is similar to the evolution
rate of Cu(l) reported in Ref. [22] for Cu-TMEDA, after consideration of the
differences in linewidths observed between Cu(Il) and alanine, the resulting SNR
after one minute of data collection would decrease from ~ 1000 to~200 as the total
number of spins decreases from 1.5 to 0.3-10.!7 spins. The environment under which
EPR measurements are performed, such as temperature and chosen atmosphere, can
affect the linewidth and amplitude of the signal, resulting in the change of SNR.
In the examples included herein, normal atmosphere was used; however, in many
cases removal of oxygen decreases the linewidth and increases signal intensity
thereby improving SNR and it is under such an oxygen-free environment that EPR
measurements would take place in the XAS chamber. Because the degradation
occurs over just ten minutes of X-ray exposure, the resolution of the generation rate
greatly depends on the sweep capabilities of the spectrometer, as was the case in
the radical generation in alanine. However, improvement may be accomplished in
several ways, such as by implementing modulation coils for rapid scan, performing
frequency-swept acquisition at a single field, or by recording at a single field value
after characterization of the generated radical [26, 28, 31, 33, 54].

4.2 Possible Improvements to the EPRoC-Based Spectrometer

During the initial evaluation of the spectrometer capabilities, a commercial
electromagnet was first used to establish the performance of the EPRoC sensor
independently of the portable electromagnet. In the recorded spectra, an intense
baseline was observed that could be corrected using a polynomial function; however,
the baseline varied between experiments. Additionally, spikes from the direct current
were found to greatly inhibit the detection of samples with low spin concentration
(Fig. S2). Relative to other EPRoC designs, an increased sensitivity to electrostatic
discharge was observed. This likely contributes to the susceptibility of the EPRoC to
environmental disturbances, especially those that might propagate through current
and voltage supply systems or even within the grounding of the laboratory.

When the EPRoC was subsequently investigated together with the portable
electromagnet, an EPR signal with an SNR =105, after interpolation, was recorded
using Li,Pc placed directly on the coil. The linewidth was broadened by 0.5 (0.48)
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mT relative to that observed in the commercial electromagnet and may partially
be explained by the observed shift in the resonance position in the magnetic
field by 6.6 mT likely caused by misalignment of the EPRoC within the portable
electromagnet (see Supporting Information). Development of a sample holder
for precise positioning of the EPRoC inside the most homogeneous region of the
portable electromagnet would circumvent this; and, would likely be an additional
requirement for installation of the spectrometer into a synchrotron beamline.
Acquiring Hall probes with smaller field resolution would provide the possibility
to measure samples with smaller linewidths, considering the resolution of the Hall
probes used (0.1 mT) were on the order of the linewidth observed in the commercial
electromagnet (0.25 mT). The initial design of the portable EPRoC spectrometer
did not require sweeping of the magnetic field, rather only coarse adjustment would
be utilized to position the resonance field within the bandwidth of the EPRoC
device (6.656-7.056 GHz) which could be swept and recorded as the frequency-
swept, frequency-modulated EPR signal. However, it was determined that operating
at a single microwave frequency, which employs a constant voltage rather than a
swept voltage, reduced the likelihood of failure due to electrostatic discharge.
Therefore, field-sweep capabilities of the portable electromagnet were investigated.
It was anticipated that the resolution of the Hall probes was sufficient to allow the
acquisition of EPR spectra of alanine and Cu(Il) containing materials using the
EPRoC and portable electromagnet.

5 Conclusions

The current work outlines the capabilities of an EPRoC-based spectrometer,
designed for integration into an X-ray absorption spectrometer to simultaneously
detect radiation damage in materials via EPR while performing XAS experiments.
The design of the spectrometer consists of BICMOS EPRoC sensor and portable
electromagnet, which were evaluated first separately for their capabilities
before being assessed as a complete spectrometer. A linear dependence on spin
concentration was found when using the EPRoC sensor to record the EPR spectra
of varying concentrations of tempol in sucrose octaacetate. The sensitivity of the
EPRoC sensor was found to be on the order of 10'? spins per hour when recording
the EPR spectra of alanine, which is sufficient for detection of the X-ray induced
generation of alanine radicals and reduction of Cu(Il) according to estimations
of total spins present in the EPRoC after considerations of linewidth. When
performing measurements of Li,Pc using both the EPRoC sensor and the portable
electromagnet, the minimum spin concentration and linewidth detectable was found
to be 0.24-10'" spins/ml and 1mT, respectively (see Supporting Information).

To record EPR spectra on a relevant timescale, the measurements must be
performed in less than one minute. This will be accomplished by incorporating
faster sweep methods into the spectrometer design, such as the inclusion of
small and more agile sweep coils for rapid scan measurements [33, 54, 56] or
by revisiting frequency-sweep capabilities. The EPRoC sensor can be further
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modified via fabrication of a hole in the VCO coil using FIB to allow X-rays to
pass through the EPRoC sensor. While successful hole drilling was demonstrated,
the corresponding ERRoC was not used within the current work. Similar hole
fabrication in other EPRoC sensors has demonstrated that FIB milling does not
create any detectable defects when using EPRoC sensors and allows for an increase
in sensitivity by increasing the total accessible sensitive volume of the VCO
coil [37]. These improvements will dramatically increase the potential success
towards implementation of an EPRoC spectrometer in a synchrotron beamline for
measurement during XAS experiments.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s00723-024-01702-7.
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