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The design of X-band EPR cavity
with narrow detection aperture
for in vivo fingernail dosimetry
after accidental exposure

to ionizing radiation
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Ye Liu?, Yonggang Li%, Jing Ning® & Ke Wu'**

For the purpose of assessing the radiation dose of the victims involved in the nuclear emergency or
radiation accident, a new type of X-band EPR resonant cavity for in vivo fingernail EPR dosimetry
was designed and a homemade EPR spectrometer for in vivo fingernail detection was constructed.
The microwave resonant mode of the cavity was rectangular TE101, and there was a narrow aperture
for fingernail detection opened on the cavity’s wall at the position of high detection sensitivity.
The DPPH dot sample and the fingernail samples were measured based on the in vivo fingernail
EPR spectrometer. The measurements of the DPPH dot sample verified the preliminary functional
applicable of the EPR spectrometer and illustrated the microwave power and modulation response
features. The fingernails after irradiation by gamma-ray were measured and the radiation-induced
signal was acquired. The results indicated that the cavity and the in vivo EPR dosimeter instrument
was able to detect the radiation-induced signal in irradiated fingernail, and preliminarily verified
the basic function of the instrument and its potential for emergency dose estimate after a radiation
accident.

The triage and medical treatments for individuals involved in radiation accidents strongly depend on the ionizing
dose'? Ionizing radiation generates free radicals in biologic materials, and most of them react and disappear
immediately. While the radiation induced free radicals in water-deficient materials such as fingernail, tooth or
bone are stable, and the quantity is proportional to the radiation dose®*. The fingernail is a kind of material which
is much easier to be acquired than tooth enamel or bone in most scenes. EPR spectroscopy is a specific sensitive
method for the detection of free radicals. Therefore EPR spectroscopy of fingernail is a potential method for
retrospective dosimetry after nuclear medical emergencies®®.

The common method of EPR fingernail dosimetry is ex-vivo measurement of the fingernails. During ex-
vivo measurements, the fingernails have to be cut into fragments. The clipping process generates the so-called
mechanically-induced signal (MIS) which can seriously interfere with the radiation-induce signal(RIS), thus
affecting the accuracy of dose evaluation. Therefore, the separation and elimination of the MIS caused by fin-
gernail clipping is usually an important issue in the study of EPR fingernail dosimetry. The elimination of the
MIS is an important effort to reduce the dose detection limit, improve the dose estimation accuracy, and would
improve the practicability of the fingernail EPR dosimetry method for the diagnosis of the acute radiation
syndrome (ARS)*!1.

A method of in vivo fingernail EPR dosimetry is proposed to reduce the negative effect of the MIS by avoid-
ing the cutting process of the fingernail, and this method could improve the accuracy and feasibility of EPR
dosimetry of fingernail'>!*.

A commercial EPR spectrometer can be only used for ex-vivo measurement of the fingernail. There are several
technical issues in the realization of in vivo EPR fingernail spectroscopy, and one of the most vital challenges is
that the microwave resonator of the EPR spectrometer is not suitable for in vivo fingernail measurement. It is
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Figure 1. The system design of in vivo fingernail spectrometer.

principally hindered by the closed structure of the resonant cavity and the additional problem of non-resonant
absorption of microwave in the presence of lossy tissues.

Therefore, the fingernail has to be cut into pieces and then inserted into the sample tube. So the design of
resonator for in vivo fingernail EPR measurement should be started before the method can become practical.

Ishii et al. proposed an X-band aperture cavity for in-vivo tooth dosimetry in early time!*'*. Swartz H.M. team
designed the L-band surface coil resonator for in vivo EPR tooth dosimetry[16]and made important progress
in the L-band in vivo tooth EPR dosimetry'’~'°. And their team also designed several resonators for fingernail
in vivo EPR spectroscopy?>*!. In previous work, we also designed several kinds of aperture cavities for in-vivo
tooth spectroscopy**~?’. Based on these works, we newly designed an aperture X-band cavity which is special
for in vivo fingernail EPR spectroscopy, and based on which, preliminary established an elementary prototype
machine of in vivo fingernail EPR dosimeter. This paper detailed introduces the design of the cavity, and briefly
introduced the other important units such as the magnet and the magnet modulation, and final construction of
the EPR spectrometer. Some typical experiments of the DPPH dot sample and fingernail sample measurements
were performed to preliminary verify the basic function of the instrument and its potential for radiation induced
signal detection from the irradiated fingernails.

Results

The cavity and EPR spectrometer for in vivo fingernail dosimetry.  The system design. According
to the principal rules of EPR spectroscopy, the magnetic field, modulation, and microwave electromagnetic field
should be applied to the sample in a certain direction, amplitude, frequency, and other parameters at the same
time. We designed an in vivo EPR spectroscopy system as illustrated by Fig. 1. The main components of the spec-
trometer included a combined magnet unit with an electromagnet and permanent magnet, magnet modulation
coils and its amplifier, microwave resonant cavity, microwave bridge, Lock-in amplifier, host computer installed
with control and data process software, and DA-AD interface.

The cavity design.  Figure 2a shows the design sketch of the cavity. It was composed of the cavity body, detection
aperture, flange and tuner, and the reference sample (ref. sample). The cavity body was based on a rectangular
TE101 mode cavity. A rectangular detection aperture was opened on the cavity wall. The fingernail could be
inserted into the aperture. The aperture was transfixed through the cavity body, in this way the magnet field and
its modulation can be applied into the detecting aperture. Figure 2b,c showed the magnetic and electric field
distribution in the cavity. It was consistent with the designed electromagnetic field configuration (The electric
and magnetic field in Fig. 2a) of the TE101 mode resonant cavity.
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Figure 2. The cavity design. (a) The sketch of the aperture cavity for in-vivo EPR fingernail dosimetry. (b)
Magnetic field distribution in the XOY plane. (c) Electric field distribution in the XOY plane.

Items Designed | Simulated | Tested
Length(mm) 22.10 22.10 22.10£0.05
Width(mm) 7.00 7.00 7.00+0.05
Height(mm) 22.10 22.10 21.10+0.05
Aperture width(mm) 1.10 1.10 1.10+£0.05
Q value - - 3850
Frequency(GHz) 9.60 9.59 9.53

Table 1. Some tested parameters of the aperture cavity.

The cavity design was confirmed by the finite element simulation software HFSS (High Frequency Structure
Simulator). The simulation method and parameters were: Material, silver; Filling, dielectric air; Mode, Eigen
mode; Cavity inner size, 22.1 mm x 7.0 mm x 22.1 mm; Aperture size, 9.0 mm x 1.1 mm. The simulation results
were (1) the lowest microwave resonant mode was TE101, (2) the resonant frequency was 9.59 GHz. The resonant
frequency and quality factor Q of the cavity were physically tested using the reflection method by a network
analyzer. Some of the parameters and results were listed in Table 1. The design parameters, the simulation results,
and the physical test results were mutually consistent with each other. The distribution of the microwave magnetic
fields in the cavity was plotted by Fig. 2b. The aperture was located in the area of high magnetic field and thus
sufficient microwave power could be achieved for the Zeenam levels splitting. The distribution of the microwave
electrical fields in the cavity was plotted by Fig. 2c. The aperture was located in the area of low electrical field and
the aperture was relatively narrow for microwave leaking, therefore, the non-resonant loss of microwave due to
the lossy tissue could be avoided.

The integration of the spectrometer. 'The final instrument constructed in our laboratory is shown by Fig. 3.

EPR spectroscopy of DPPH dot sample. Figure 4 shows the experimental results of the EPR spectros-
copy of DPPH dot sample. Figure 4a shows the DPPH sample inserted into the detection aperture of the cavity
in the measuring status. Figure 4b shows a typical EPR spectrum of the DPPH. Figure 4c,d shows the relative
signal intensity of the DPPH spectra against the square root of microwave power and the magnet modulation
amplitude. The signal intensity increased as the microwave power increased linearly with the sqrt of power up
to 100mW, and then a lower rate of signal intensity indicated microwave power saturation. The signal intensity
continuously increased proportionately as the modulation amplitude increased. The peak-to-peak EPR line-
width of DPPH dot sample was significantly broadened when the modulation amplitude exceeded the intrinsic
line width. These experimental results confirm that the newly assembled EPR spectroscopy system could func-
tion as designed, and that sufficient microwave power and modulated magnetic field could be applied into the
detection aperture.

The fingernail EPR spectroscopy. Figure 5a demonstrats the fingernail inserted into the detection aper-
ture with only the cusp of the fingernail being detected. Figure 5b shows a typical fingernail EPR spectrum
measured in vivo using a sample of an irradiated fingernail placed on top of the natural fingernail. Comparing
the EPR spectrum of the fingernail before irradiation with the EPR spectrum of empty cavity (without fingernail
sample), a background signal (BKS) could be found, which suggested the detection sensitivity of the spectrom-
eter was in the ranger needed for fingernail EPR detection. The BKS intensity was approximately equivalent to
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Figure 3. The X-band in vivo EPR spectrometer of fingernail dosimetry.
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Figure 4. Result of EPR spectroscopy of a DPPH dot sample. (a) The DPPH sample inserted into the detection
aperture of the cavity in the measuring status. (b) A typical EPR spectrum of the DPPH sample. (c) The relative
signal intensity of the EPR spectra against the square root of power. (d) The relative signal intensity of the EPR
spectra against the modulation amplitude.
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Figure 5. The in vivo EPR spectroscopy of fingernail. (a) The fingernail was inserted into the detection aperture
in the state of being measured. (b) The EPR spectra of the in vivo measurement of the fingernails before
irradiation and after irradiation by 6 Gy.

the RIS intensity of 2-3 Gy. Comparing the spectrum of the fingernail before irradiation with the fingernail after
irradiation of 6 Gy, a radiation-induced signal (RIS) could be found, which suggested the detection sensitivity
of the spectrometer was available for dose assessment. Several radiation-induced signals have been found in
the fingernail measurements®~'. The peak to peak value of RIS2(g=2.005) was used as the signal amplitude of
radiation-induced signal in this work, which was usually used in the previous studies on the feasibility of EPR
dosimetry with nails?®-*. The dose-response of this signal was found to be linear up to 300 Gy®.

Discussion

The cavity is one of the most vital components for the in vivo EPR fingernail spectrometer system. The develop-
ment of this X-band EPR cavity uses a narrow detection aperture opened on the cavity wall for in vivo fingernail
detection, using TE101 rectangular mode resonator. The electromagnetic field distribution through an aperture
in the TE101 mode rectangular cavity provides the possibility of external detection instead of detection inside
the cavity. In the presence of an aperture the microwave magnetic field loops surround the cavity’s surround-
ing metal walls, and the intensity reaches the highest near the middle of the cavity wall. The detection aperture
causes very little microwave electric field attenuation. The experiment with the DPPH dot sample measurement
showed that the system could achieve satisfactory EPR spectroscopy. And the fingernail measurement showed
that a combination of a background signal and a radiation-induced signal could be obtained, although at his
time we do not have a practical means to resolve the RIS component.

The most significant feature of in vivo EPR fingernail dosimetry is that it eliminates the influence of the MIS
signal caused directly by fingernail clipping in the dose evaluation. Compared with the study of in vivo tooth
dosimetry'7?2%8, the dose assessment precision and limit of the fingernail dosimetry might not be as good as
tooth dosimetry (the standard error of prediction was approximately evaluated at 1.5 Gy for L-band spectros-
copy of molar teeth)!”'%2%. However, in vivo fingernail EPR dosimetry has some advantages in the potential for
providing information and multiple sites (hands and feet) and future instrumental developments could achieve
very competitive convenience for positioning, and speed of measurement’’.

This work focused on the instrumental development, and the elimination of the MIS caused by fingernail
clipping for the fingernail EPR dosimetry. The experiments in this paper were aimed to preliminary verify the
designed function and demonstrate the feasibility of this method. However, there are still some more issues to
be settled before this method becomes more available. The comprehensive dosimetric characteristics of in vivo
fingernail EPR measurement still remain a series of further studies in the future work. The strong sensitivity of the
radiation-induced signals in fingernails to humidity, especially to the direct contact with water, could result in the
large deviation between nominal and EPR doses?**2. This may lead to inapplicability of EPR fingernail dosimetry
in some circumstances. Other more studies and efforts should include the “real” irradiation experiment with UV
to generate free radicals in fingernail; the normalization and calibration method of the signal intensity accord-
ing to the size and the thickness of the fingernail; the improvement of the cavity of the spectrometer and so on.
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Conclusions

For the purpose of elimination the influence of the mechanically-induced signal (MIS) caused by fingernail
clipping in the fingernail EPR dosimetry, the paper designed the in vivo spectrometer of fingernail with newly
designed aperture cavity. The experiments with DPPH sample and fingernails were carried out to verify the
design. The results indicated that the cavity and the in vivo fingernail EPR dosimeter was able to detect the
radiation-induced signal in irradiated fingernail and could eliminate the MIS caused by fingernail clipping in
the dose reconstruction of fingernail EPR dosimetry. This work was intended to promote the study of the EPR
fingernail dosimetry and improve the practicability of this method in the nuclear emergency rescue.

Methods

The cavity design.  The microwave resonant mode and electromagnetic field configuration. The microwave
resonant mode inside the cavity was rectangular TE101, a resonant mode which was not appropriate in common
ex-vivo EPR spectroscopy but had the superior features for in vivo EPR spectroscopy due to its electromagnetic
field configuration inside the cavity. The electromagnetic field configuration in the TE101 mode cavity was il-
lustrated in Fig. 2a. Most of the magnetic field component was distributed near the cavity surrounding walls.
The electric field component was concentrated in the middle area of the cavity along the Z-axis. Figure 2b and
Fig. 2c showed electromagnetic field distribution in the XOZ plane (Z=0, the coordinate system was defined as
Fig. 2a). TE101 mode was the dominant TE mode in the rectangular cavity and had the lowest cutoff frequency.
Therefore, its electromagnetic field configuration was stable in the circumstances of interfering by resonant fre-
quency or sample volume change. Compared with the TE111 and TM010 mode cavities we designed before??*,
the magnetic field component of the TE101 mode was more concentrated in the detection aperture area and thus
lead to higher detection sensitivity than before.

The detection aperture. 'The aperture’s position was plotted by the dot line in Fig. 2a. It was positioned at the
middle area of the cavity wall. The choice was made for: (1) The microwave magnetic field applied to the sample
through the aperture was perpendicular with the external magnetic field and the magnetic modulation; (2)
The aperture was located at the position of maximum microwave magnetic field component (H,) and (3) weak
microwave electric field component (E,); (4)The aperture’s longer edge was parallel with the current flow on
the surface cavity wall. The first requirement arose from the nature of the electron paramagnetic resonance
condition. The second requirement was because the amount of microwave energy absorbed by the sample was
proportional to H,? below saturation; the third and fourth requirement minimized the microwave energy loss,
which could lead to a deleterious effect on the detection sensitivity.

The detection aperture was rectangular. It was transfixed through the cavity body (along the z-axis) for the
magnetic field and its modulation application. The aperture width was 1.1 mm (along the y-axis), which was
suitable to set fingernails in and not too wide to cause microwave energy loss. The depth was 2 mm into the
cavity (along the x-axis).

The dimension. 'The microwave resonant mode, resonant frequency, and resonant quality factor Q were
dependent on the cavity’s dimension and material. The following conditions were referred to: (1) the X-band
microwave system worked at about 9.60 GHz; (2) the resonant mode was TE101; 3) higher quality factor Q. The
cavity was manufactured using copper material and plated with silver to reduce its surface resistance. Let the
ideal rectangular resonant cavity length be a, width be b, and height be d. The solutions were given by

a=22.10mm
b =7.00mm
d =22.10mm

The internal reference sample. 'There was an internal reference sample fixed near the detection aperture (ref.
sample in Fig. 2a) to indicate the status of the in vivo EPR spectrometer and to calibrate the signal intensity. The
internal reference sample containing Mn** in CaO encapsulated in a thin quartz capillary. The EPR signal of the
reference sample could be measured synchronously with the EPR signal of the fingernail. The lines of Mn** and
RIS of the fingernail could be included in a single spectrum and the two signals would be sufficiently separated.

The tune and coupling. The cavity was coupled to the microwave bridge through a circle coupling hole in the
flange. The tuner was a screw bolt made of Teflon with a metal tip on its top, and it was fixed in front of the cou-
pling hole. The coupling screw can be gradually turned to the hole to adjust the coupling coefficient between the
cavity and the microwave system.

The other units and the integration of the EPR spectrometer. The magnet. The magnet unit had
a wide magnet poles gap. It was composed of a pair of permanent magnets and a set of electromagnetassembled
on a C-shape yoke iron*. The main magnet field (about 335mT) was provided by alloy permanent magnet mate-
rial of Nd-Fe-B. The scan of the magnetic field (about 0-10mT) was provided by the electromagnet. The scan of
the electromagnet was driven by a set of programmable current source controlled through the host computer.

The magnetic field modulation. A special modulation device was developed for the modulation in the wide
magnet gap. The modulation device included: (1) Modulation amplifier based on MOSFET Bridge that could
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supply high current than commercial equipment to drive the excitation coils. (2) A pair of excitation coils with
the feed-back loops inside. The excitation coils generated magnet modulation in the magnet poles’ gap. The feed-
back coils were used to indicate modulation amplitude by the induced currents that were proportional to the
modulation amplitude. (3) Fixing frame to support the coils. The frame could be adjusted to control the coils in
the particular angle and position between the poles. The modulation device could provide the modulated field
higher than 1mT in the aperture area.

The commercial units. 'The microwave system was composed mainly of a commercial ready-made microwave
bridge (from Bruker A300 EPR spectrometer) with a homemade water cooling device to secure the microwave
generator. The signal receiver was also a commercial product of phase-sensitive lock-in amplifier (SR830). Some
other units contained several power supply apparatus (Beijing Dahua) serving the microwave bridge, magnet,
modulation amplifier, and others.

The host computer. 'The host computer was a notebook PC with a USB interface of the AD/AD board. The com-
puter ran the software developed based on the Labview platform. The software function included the magnet
scan control, data acquisition and storage, and the spectrum display.

Measurement of DPPH dot sample. The experiment of DPPH dot sample measurement was intended
to confirm if the newly assembled EPR spectroscopy system could realize the designed function, and to check
the cavity design by verifying if sufficient microwave power and modulated magnetic field could be applied into
the detection aperture. The DPPH(1,1-Diphenyl-2-picrylhydrazyl radical 2,2-Diphenyl-1-(2,4,6-trinitrophenyl)
hydrazyl) powder was inserted in quartz capillary to form a sample of 1 mm in length and 1 mm in diameter and
was used as a standard dot free radical sample. The DPPH dot sample was fixed in the center of the cavity aper-
ture. Typical EPR spectroscopy’s parameters were: scan time 20 s, time constant 0.03 s, center field 340 mT, scan
magnetic field 0 ~ 10 mT, microwave power 0.01 ~200 mW, microwave power 1 mW, and modulation amplitude
0.02 ~ 0.4 mT for modulation feature.

Measurement of fingernail. The measurement of fingernail was used to preliminary verify the system
design and the applicability of the cavity for in vivo fingernail EPR measurement. Because the fingernail could
not be irradiated directly, a simulation method was performed. The first step, the fingernail was entirely clipped
along the free margin of the fingernail and the free edge of the fingernail was clipped (the cracks or scratches
should be avoided during the process), and then attached to the fingertip again to simulate the in vivo condi-
tions; the second step, the background signal (BKS) was recorded through in vivo EPR measurements; the third
step, the fingernail was irradiated by ®Co radiation source with dose of 6 Gy, then attached to the fingertip, and
the radiation-induced signal (RIS) was recorded through in vivo EPR measurements. The detection aperture of
the cavity was 2 mm in the depth direction, so the length of the fingernail (the length of the free edge) was at
least 2.5 mm for in vivo EPR measurement. In this experiment, the fingernail length was longer than 4 mm to
ensure only the cusp of the fingernail was inserted into the aperture and the cutting edge was left outside of the
aperture, in which way, the MIS signal caused by fingernail clipping could be avoided.

The experiments were approved by the Medical Ethical Committee of Beijing Institute of Radiation Medicine
(BIRM-MEC-20190115), and all the experiments were performed in accordance with relevant named guidelines
and regulations. The informed consent was obtained from all participants.

The storage and laboratory environment conditions were: room temperate 20 °C; humidity 55%; container,
airtight glass container. Typical ERP measurement parameters were: scan time, 5 s per scan, and 30 scans each
measurement; magnet scan, 10 mT; microwave power, 5 mW; time constant, 0.03 s, center field 340 mT, modula-
tion amplitude, 0.2 mT.

Received: 8 July 2020; Accepted: 20 January 2021
Published online: 08 February 2021

References
1. Ainsbury, E. A. et al. Review of retrospective dosimetry techniques for external ionizing radiation exposures. Radiat. Prot. Dosim.
147, 573-592 (2011).
2. Coleman, C. N. et al. Medical response to a radiologic/nuclear event: integrated plan from the Office of the Assistant Secretary for
Preparedness and Response, Department of Health and Human Services. Ann. Emerg. Med. 53, 213-222 (2009).
3. Swartz, H. M., Molenda, R. P. & Lofberg, R. T. Long-lived radiation-induced electron spin resonances in an aqueous biological
system. Biochem. Biophys. Res. Commun. 21, 61-65 (1965).
4. Brady, J. M., Aarestad, N. O. & Swartz, H. M. In vivo dosimetry by electron spin resonance spectroscopy. Health Phys. 15, 43-47
(1968).
5. Romanyukha, A., Reyes, R. A., Trompier, F. & Benevides, L. A. Fingernail dosimetry: current status and perspectives. Health Phys.
98, 296-300 (2010).
6. Trompier, E et al. Electron paramagnetic resonance radiation dosimetry in fingernails. Radiat. Meas. 44, 6-10 (2009).
7. Trompier, E et al. EPR retrospective dosimetry with fingernails: report on first application cases. Health Phys. 106,798-805 (2014).
8. Reyes, R. A., Romanyukha, A., Olsen, C., Trompier, F. & Benevides, L. A. Electron paramagnetic resonance in irradiated fingernails:
variability of dose dependence and possibilities of initial dose assessment. Radiat. Environ. Biophys. 48, 295-310 (2009).
9. Trompier, E. et al. Protocol for emergency EPR dosimetry in fingernails. Radiat. Meas. 42, 1085-1088 (2007).
10. Trompier, E et al. State of the art in nail dosimetry: free radicals identification and reaction mechanisms. Radiat. Environ. Biophys.
53,291-303 (2014).
11. Zhang, T. et al. Two factors influencing dose reconstruction in low dose range: the variability of BKG intensity on one individual
and water content. Radiat. Prot. Dosim. 171, 297-303 (2016).

Scientific Reports |

(2021) 11:2883 | https://doi.org/10.1038/s41598-021-82462-3 nature portfolio



www.nature.com/scientificreports/

12. Swartz, H. M. et al. Electron paramagnetic resonance dosimetry for a large-scale radiation incident. Health Phys. 103, 255-267
(2012).

13. He, X. et al. Advances towards using finger/toenail dosimetry to triage a large population after potential exposure to ionizing
radiation. Radiat. Meas. 46, 882-887 (2011).

14. Ishii, H. & Ikeya, M. An electron spin-resonance system for in vivo human tooth dosimetry. Jpn. J. Appl. Phys. 29, 871-875 (1990).

15. Yamanaka, C., Ikeya, M. & Hara, H. ESR cavities for in vivo dosimetry of tooth enamel. Appl. Radiat. Isotopes 44, 77-80 (1993).

16. Swartz, H. M. et al. A critical assessment of biodosimetry methods for large scale incidents. Health Phys. 98, 95-108 (2010).

17. Swartz, H. M., Williams, B. B. & Flood, A. B. Overview of the principles and practice of biodosimetry. Radiat. Environ. Biophys.
53,221-232 (2014).

18. Williams, B. B. et al. A deployable in vivo EPR tooth dosimeter for triage after a radiation event involving large populations. Radiat.
Meas. 46, 772-777 (2011).

19. Salikhov, I, Hirata, H., Walczak, T. & Swartz, H. M. An improved external loop resonator for in vivo L-band EPR spectroscopy. J.
Magn. Reson. 164, 54-59 (2003).

20. Grinberg, O. et al. Dielectric-backed aperture resonators for X-Band in vivo EPR nail dosimetry. Radiat. Prot. Dosim. 172, 121-126
(2016).

21. Sidabras, J. W. et al. A microwave resonator for limiting depth sensitivity for electron paramagnetic resonance spectroscopy of
surfaces. Rev. Sci. Instrum. 85, 104707 (2014).

22. Zou, J. et al. Effect of the tooth surface water on the accuracy of dose reconstructions in the X-band in vivo EPR dosimetry. Appl.
Radiat. Isotopes 139, 86-90 (2018).

23. Zou,]J. et al. A normalization method of the volume and geometry of tooth for X-band in vivo EPR dosimetry. Appl. Radiat. Isotopes
149, 123-129 (2019).

24. Junwang, G., Jianbo, C. & Ke, W. Development of X-band TE111 mode ESR cavity for in vivo tooth dosimetry. Appl. Magn. Reson.
44, 869-881 (2013).

25. Junwang, G. et al. New developed cylindrical TM010 mode EPR cavity for X-band in vivo tooth dosimetry. PLoS ONE 9(9), 106587
(2014).

26. Guo, J. et al. Comparison of four X-band TE111 cavities for in vivo tooth dosimetry. Appl. Magn. Reson. 46, 1099-1107 (2015).

27. Guo, . et al. The application and distribution of magnetic field modulation in the detection apertures of X-band EPR cavities for
in vivo tooth dosimetry. Radiat. Prot. Dosim. 172, 103-111 (2016).

28. Kubiak, T. Advances in EPR dosimetry in terms of retrospective determination of absorbed dose in radiation accidents. Curr. Top.
Biophys. 41, 11-21 (2018).

29. Marciniak, A. et al. EPR dosimetry in nail samples irradiated in vivo during total body irradiation procedures. Radiat. Meas. 116,
24-34 (2018).

30. Sholom, S. & Mckeever, S. W. S. Emergency EPR dosimetry technique using vacuum-stored dry nails. Radiat. Meas. 88, 41-47
(2016).

31. Swarts, S. G. et al. Developments in biodosimetry methods for triage with a focus on X-band electron paramagnetic resonance
in vivo fingernail dosimetry. Health Phys. 115, 140-150 (2018).

32. Sholom, S. & Mckeever, S. W. S. Stability of X-band EPR signals from fingernails under vacuum storage. Radiat. Phys. Chem. 141,
78-87 (2017).

33. Yuan, Q, Guo, ], Cong, J., Dong, G. & Wu, K. Improvement of the magnet system in EPR spectrometer for in vivo tooth dosimetry.
Chn. J. Magn. Reson. 30, 227-232 (2013).

Acknowledgements
This work was funded by the National Natural Science Foundation of China (11905293, 31670862), and Grant
from the Major Projects (BWS18J008, JK20191A060418, 19FYZ010).

Author contributions

J.G. and X.L. contributed equally to this work. J.G. and X.L. designed the cavity and the experiments. Y.T. and
L. M. performed most of the experiments. X. B. and J. Z. and G. D. attended the experiments. Y. Liu,Y. Li and
J. N. analyzed the data. K. W. designed the spectrometer system. All the authors discussed the manuscript and
approved its submission.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to K.W.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:2883 | https://doi.org/10.1038/s41598-021-82462-3 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The design of X-band EPR cavity with narrow detection aperture for in vivo fingernail dosimetry after accidental exposure to ionizing radiation
	Results
	The cavity and EPR spectrometer for in vivo fingernail dosimetry. 
	The system design. 
	The cavity design. 
	The integration of the spectrometer. 

	EPR spectroscopy of DPPH dot sample. 
	The fingernail EPR spectroscopy. 

	Discussion
	Conclusions
	Methods
	The cavity design. 
	The microwave resonant mode and electromagnetic field configuration. 
	The detection aperture. 
	The dimension. 
	The internal reference sample. 
	The tune and coupling. 

	The other units and the integration of the EPR spectrometer. 
	The magnet. 
	The magnetic field modulation. 
	The commercial units. 
	The host computer. 

	Measurement of DPPH dot sample. 
	Measurement of fingernail. 

	References
	Acknowledgements


