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ABSTRACT

Electron Paramagnetic Resonance (EPR) is a phenomenon based on Zeeman 
interaction. To study this phenomenon, a spectrometer is needed. Conventional 
spectrometers are using benchtop Arbitrary Wave Generator (AWG) or microwave 
synthesizer as microwave source for continuous wave mode and pulsed mode. However, 
there are few disadvantages with these instruments. Field Programmable Gate Array 
(FPGA) is another alternative to AWG due to it advantages such as high flexibility, 
low profile size and low cost. In this work, a X band FPGA based EPR spectrometer 
and a loop gap resonator were designed, simulated and built to detect EPR signals. 
The resonator was measured and found to have an unloaded resonance frequency 
of 8.852 GHz and Q-factor of 646.0 whereas the loaded resonance frequency was 
8.668 GHz with a Q-factor of 615.8. This spectrometer was successfully used to detect 
EPR signal in an external magnetic field from 311.2 to 311.8 mT with a signal-to-noise 
ratio (SNR) of 18 ± 8. Based on the experimental parameters, the 2,2-diphenyl-1- 
picrylhydrazyl (DPPH) g-factor from the developed spectrometer was measured to be 
1.9945 ± 0.0012. This value is very close to the DPPH standard value 2.003. Using 
the designed resonator and DPPH sample, the spectrometer performance such as signal 
purity, SNR and sensitivity was determined. This spectrometer has the potential to be 
modified to pulsed mode by installing certain components such as pulse amplifier and 
power attenuator.
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ABSTRAK

Resonans Paramagnet Elektron (EPR) ialah satu fenomena berdasarkan 
saling tindakan Zeeman. Untuk mengkaji fenomena ini, spektrometer diperlukan. 
Spektrometer konvensional diperbuat daripada penjana gelombang arbitrari (AWG) 
atau pensintesis gelombang mikro untuk mod gelombang selanjar dan mod denyut. 
Namun begitu, terdapat beberapa kelemahan dengan alat-alat terebut. Tatasusunan get 
logik boleh atur cara medan (FPGA) merupakan satu lagi alternatif kepada AWG kerana 
kelebihannya seperti fleksibiliti tinggi, saiz profil rendah dan kos rendah. Dalam kajian 
ini, sebuah spektrometer EPR berasaskan FPGA jalur X dan resonator jurang gelung 
telah direka bentuk, disimulasi dan dibentuk untuk mengesan isyarat EPR. Resonator 
tersebut telah diukur dan didapati mempunyai frekuensi resonans tanpa muatan adalah 
8.852 GHz dan faktor Q sebanyak 646.0 manakala frekuensi resonans dengan muatan 
sebanyak 8.668 GHz dengan faktor Q sebanyak 615.8. Spektrometer ini telah berjaya 
digunakan untuk mengesan isyarat EPR di dalam medan magnet luaran dari 311.2 
ke 311.8 mT dengan nisbah isyarat-hingar (SNR) 18 ± 8. Berdasarkan parameter 
eksperimen, faktor g 2,2-diphenyl-1-picrylhydrazyl (DPPH) daripada spektrometer 
yang dihasilkan diukur sebanyak 1.9945 ± 0.0012. Nilai tersebut adalah sangat hanpir 
dengan nilai piawai DPPH iaitu 2.003. Menggunakan resonator yang dihasilkan dan 
sampel DPPH, prestasi spektrometer seperti ketulenan isyarat, SNR dan sensitiviti telah 
ditentukan. Spektrometer ini mempunyai potensi untuk diubah suai mod denyut dengan 
memasang beberapa komponen yang bersesuaian seperti amplifier denyut dan pengecil 
kuasa.
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CHAPTER 1

INTRODUCTION

As a small introduction to the structure of this study, chapter 1 discusses the 
background, problems of current studies in EPR, objectives and aims, research range 
and importances of this study. Chapter 2 discusses the basic of EPR, hardware in EPR 
spectrometer and phenomenon associated with the hardware. Chapter 3 discusses the 
steps and precaution used in designing spectrometer, procedure to test the spectrometer. 
Chapter 4 discusses the simulation and experimental results for resonator, analysis of 
EPR spectrometer parameters and analysis of EPR signal from sample. Chapter 5 
concludes the work that was done.

1.1 Background of Study

Electron Paramagnetic Resonance (EPR) is a phenomenon of spin excitation 
of free electron. The theory behind this phenomenon is due to Zeeman interaction in 
free radical. In other words, any molecules or atoms with at least one free electron 
have EPR phenomenon. Today, the theory and concept are well known and utilized in 
various field such as food chemistry [2, 3], protein study [4] and matter structural study 
[5].

Electron spin is an example two level system (TLS), which is considered as a 
potential qubit in quantum computing. Quantum information in quantum computer are 
encoded in the electron spin states. By using EPR, the readouts and quantum operation 
toward electron spin states becomes possible [6]. The discovery of encoding qubits in 
quantum dot or spin states of electron in semiconductor is an advancement from the 
the idea of using spin state of an unpaired electron for quantum computing. However, 
quantum dot has low coherence time compared to spin qubits in atom that in spin-free 
environment [7] and the coherence control is a challenging task.
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To detect EPR signal, a microwave EPR spectrometer is needed. EPR 
spectrometer can be used to analyze sample molecular structure, energy levels and 
other properties related or correlated to electron spin. The EPR spectrometer are 
commercially available but are designed for general spectroscopy purposes and may 
not function well for specific purposes such as for quantum computation. For 
special purpose EPR spectrometer like quantum computing, some parameters must 
be adjustable or fit a specific sample.

Generally, there are two ways to study EPR: the continuous wave and pulsed. 
Based on the two method, various methods are derived by varying the experimental 
parameter or the da data analysis method. EPR spectrometers are designed based on 
the proposed methods [8, 9, 10, 11].

1.2 Problem Statement

For conventional continuous wave (CW) EPR, microwave synthesizer [10, 12, 
13, 14] or Vector Network Analyzer (VNA) [15] can be used as a microwave sources. 
High stability and accuracy CW EPR spectrometer typically use a lock-in amplifier 
as this component able to greatly improve the sensitivity of spectrometer [10, 14]. 
However, the application of CW EPR is limited while pulsed EPR is able to analyze 
other spin properties such as spin-spin relaxation times, spin-lattice relaxation time 
and Rabi oscillation [11, 16]. For a more advanced pulsed EPR, expensive arbitrary 
waveform generator (AWG) is typically used [9, 11, 17, 18]. There are also cheaper 
alternative methods such as using CW generator with a microwave switch [19]. This 
alternative method greatly limits the spin manipulation and pulse fidelity as only square 
pulses are generated [17]. The designs proposed by past researchers required additional 
microwave receiver such as analog to digital converter (ADC), which increases the 
complexity for interfacing.

Currently, commercial CW and pulsed EPR spectrometer such as Bruker and 
Jeol are available [20, 21, 22]. For user friendliness, commercial product reduces the 
preparation and experimental steps for analyze EPR signals. At the same time, the
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user loses the flexibility to modify spectrometer parameter such as pulse shape as only 
square pulses are allowed [22].

A new generation of EPR spectrometer has been proposed and is based on AWG. 
Thus, AWG is the current main solution for pulsed EPR. However, this arbitrary wave 
generation is very costly and space consuming especially at X band frequencies and 
above. Besides this, additional signal receiver might needed for data analysis increasing 
the profile size of spectrometer [17] and complexity of interfacing program. Due to the 
high cost for owning an AWG, Field Programmable Gate Array (FPGA) is considered 
as a cheaper alternative to generate arbitrary wave whilehaving higher flexibility [23].

Besides this, some FPGA is able to incorporate a microwave receiver to become 
a transceiver to analyse EPR signal which has higher cost effectiveness than AWG based 
system that need additional microwave receiver to detect the EPR signal. However, 
suitability of FPGA for signal generation and detection for EPR is still being investigated 
[24]. Besides, the minimum specification of a homemade FPGA-based spectrometer 
that can support EPR experiments is still unknown. To that and this study focuses on 
designing and analyzing the suitability of a homemade FPGA based EPR spectrometer 
for CW experiment.

1.3 Objective of Study

There are several objectives for this study, that includes:

1. To design and fabricate resonator for X band EPR experiment.
2. To design a working FPGA based CW EPR spectrometer to detect EPR signal.
3. To determine the performance of designed EPR spectrometer such as EPR

signal strength, power output and signal purity.
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1.4 Research Scope

First, the resonator will be designed, fabricated and analysed. The fabricated 
resonator must able to generate sufficiently high and homogenous microwave magnetic 
field, B\. The FPGA, Xilinx Kintex-7 KC705 is programmed to generate CW with 
various frequency from 50 MHz to 100 MHz, directed into the resonator containing 
DPPH sample after passing through signal conditioning component and heterodyning 
to convert into X band frequency (frequency range from 8 GHz to 9 GHz). The 
spectrometer circuit will be designed, developed, tested and analyzed. The FPGA 
based EPR spectrometer must be able to excite electron spin and detect the EPR signal. 
DPPH sample is used because of DPPH is the standard material in EPR studies and it 
contains a single EPR peak [25]. Thus, the difficulty to analyze the signal is reduced. 
The return signals from the resonator is then measured by FPGA and recorded. The 
data will be analyzed by using a personal computer to determine the EPR signal and 
other parameters of the spectrometer. The performance of the spectrometer such as 
EPR signal strength, power output and signal purity will be analysed to ensure the 
FPGA based spectrometer designed is suitable to obtain EPR signal. Oscilloscope is 
another choice for measuring the returning signal, but is more costly. This is because 
the FPGA readings is directly transfer to personal computer without the need of another 
instrument.

1.5 Research Significant

EPR is widely applied in many fields such as detection of radical, detection and 
measuring of radioactivity, food industry, oil and gas industry, quantum computing and 
etc. Moreover, the trend of developing a quantum computer is inevitable. The use of 
EPR in detection of electron spin state in spin based quantum computer will most likely 
increase by time [26]. Typically, most of the EPR spectrometer are commercial systems, 
which are made for general use, user-friendliness but may not be suitable for specific 
experiment such as quantum computation [27]. Conversely, FPGA based arbitrary 
wave generation does not has those disadvantages. Firstly, the FPGA is designed by 
the user where the designed circuit can generate signals for specific purposes to excite 
the electron spins. FPGA can be designed as a microwave transceiver decreasing
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the complexity of spectrometer design. Next, the cost of FPGA is much lower than 
commercial arbitrary wave generator (AWG) especially in high frequency range such as 
in GHz range. Furthermore, FPGA has low profile size compared to commercial AWG 
which is important for several purposes such as to cool down the FPGA to improve 
Signal to Noise ratio (SNR) [28].

5



REFERENCES

1. Gericota, M., Alves, G., Silva, M. and Ferreira, J. M. Concurrent replication 
of active logic blocks: A core solution for online testing and logic space 
defragmentation in reconfigurable systems. 2003.

2. Escudero, R., Segura, J., Velasco, R., Valhondo, M., Romero de Avila, 
M. D., Garcia-Garcia, A. B. and Cambero, M. I. Electron spin resonance 
(ESR) spectroscopy study of cheese treated with accelerated electrons. Food 
Chemistry, 2019. 276: 315-321. ISSN 0308-8146.

3. Zang, S., Tian, S., Jiang, J., Han, D., Yu, X., Wang, K., Li, D., Lu, D., Yu, 
A. and Zhang, Z. Determination of antioxidant capacity of diverse fruits by 
electron spin resonance (ESR) and UV-vis spectrometries. Food Chemistry,
2017. 221: 1221 -  1225. ISSN 0308-8146.

4. Shi, F., Zhang, Q., Wang, P., Sun, H., Wang, J., Rong, X., Chen, M., Ju, C., 
Reinhard, F., Chen, H. etal. Single-protein spin resonance spectroscopy under 
ambient conditions. Science, 2015. 347(6226): 1135-1138.

5. Hui-Ning, D., Wen-Chen, Z., Shao-Yi, W. and Sheng, T. Investigations of the 
EPR parameters for Sm3+ ions in KY3F10 and LiYF4 crystals. Spectrochimica 
Acta Part A: Molecular and Biomolecular Spectroscopy, 2004. 60(3): 489 -  
492. ISSN 1386-1425.

6. Zajac, D. M., Sigillito, A. J., Russ, M., Borjans, F., Taylor, J. M., Burkard,
G. and Petta, J. R. Resonantly driven CNOT gate for electron spins. Science,
2018. 359(6374): 439-442.

7. Veldhorst, M., Hwang, J., Yang, C., Leenstra, A., de Ronde, B., Dehollain, 
J., Muhonen, J., Hudson, F., Itoh, K. M., Morello, A. et al. An addressable 
quantum dot qubit with fault-tolerant control-fidelity. Nature nanotechnology, 
2014. 9(12): 981.

8. Probst, S., Bienfait, A., Campagne-Ibarcq, P., Pla, J., Albanese, B., 
Da Silva Barbosa, J., Schenkel, T., Vion, D., Esteve, D., M0lmer, K. et al. 
Inductive-detection electron-spin resonance spectroscopy with 65 spins/Hz 
sensitivity. Applied Physics Letters, 2017. 111(20): 202604.

67



9. Bienfait, A., Pla, J. J., Kubo, Y., Stern, M., Zhou, X., Lo, C. C., Weis, C. D.,
Schenkel, T., Thewalt, M. L. W., Vion, D., Esteve, D., Julsgaard, B., M0lmer, 
K., Morton, J. J. L. and Bertet, P. Reaching the quantum limit of sensitivity in 
electron spin resonance. Nature Nanotechnology, 2015. 11: 253.

10. Band, A., Donohue, M. P., Epel, B., Madhu, S. and Szalai, V. A. Integration of 
a versatile bridge concept in a 34 GHz pulsed/CW EPR spectrometer. Journal 
o f Magnetic Resonance, 2018. 288: 28-36.

11. McPeak, J. E., Quine, R. W., Eaton, S. S. and Eaton, G. R. An x-band continuous 
wave saturation recovery electron paramagnetic resonance spectrometer based 
on an arbitrary waveform generator. Review o f Scientific Instruments, 2019. 
90(2): 024102.

12. Borbat, P. P., Crepeau, R. H. and Freed, J. H. Multifrequency two-dimensional 
fourier transform ESR: an X/Ku-band spectrometer. Journal o f Magnetic 
Resonance, 1997. 127(2): 155-167.

13. Narkowicz, R., Ogata, H., Reijerse, E. and Suter, D. A cryogenic receiver for 
EPR. Journal o f Magnetic Resonance, 2013. 237: 79-84.

14. Torrezan, A. C., Mayer Alegre, T. P. and Medeiros-Ribeiro, G. Microstrip 
resonators for electron paramagnetic resonance experiments. Review o f 
Scientific Instruments, 2009. 80(7): 075111. doi:10.1063/1.3186054. URL 
h ttp s://d o i.o rg /1 ® .1 ® 6 3 /1 .3 1 8 6 ® 5 4 .

15. Rose, B., Tyryshkin, A., Riemann, H., Abrosimov, N., Becker, P., Pohl, H.- 
J., Thewalt, M., Itoh, K. M. and Lyon, S. A. Coherent Rabi dynamics of a 
superradiant spin ensemble in a microwave cavity. Physical Review X, 2017. 
7(3): 031002.

16. Atzori, M., Tesi, L., Morra, E., Chiesa, M., Sorace, L. and Sessoli, 
R. Room-temperature quantum coherence and rabi oscillations in vanadyl 
phthalocyanine: toward multifunctional molecular spin qubits. Journal o f the 
American Chemical Society, 2016. 138(7): 2154-2157.

17. Probst, S., Ranjan, V., Ansel, Q., Heeres, R., Albanese, B., Albertinale, E., 
Vion, D., Esteve, D., Glaser, S. J., Sugny, D. et al. Shaped pulses for transient

68

https://doi.org/10.1063/1.3186054


compensation in quantum-limited electron spin resonance spectroscopy. 
Journal o f Magnetic Resonance, 2019. 303: 42-47.

18. Yap, Y. S., Yamamoto, H., Tabuchi, Y., Negoro, M., Kagawa, A. and
Kitagawa, M. Strongly driven electron spins using a Ku band stripline electron 
paramagnetic resonance resonator. Journal o f Magnetic Resonance, 2013. 232: 
62-67.

19. Cebulka, R. and Del Barco, E. Sub-Kelvin (100 mK) time resolved electron
paramagnetic resonance spectroscopy for studies of quantum dynamics of low
dimensional spin systems at low frequencies and magnetic fields. Review o f 
Scientific Instruments, 2019. 90(8): 085106.

20. Biller, J. R., McPeak, J. E., Eaton, S. S. and Eaton, G. R. Measurement of T
1e, T 1N, T 1HE, T 2e, and T 2HE by pulse EPR at X-band for nitroxides at
concentrations relevant to solution DNP. Applied Magnetic Resonance, 2018. 
49(11): 1235-1251.

21. Mainali, L., Sidabras, J. W., Camenisch, T. G., Ratke, J. J., Raguz, M., Hyde, 
J. S. and Subczynski, W. K. Spin-label W-band EPR with seven-loop-six-gap 
resonator: application to lens membranes derived from eyes of a single donor. 
Applied magnetic resonance, 2014. 45(12): 1343-1358.

22. Formanuik, A., Ariciu, A.-M., Ortu, F., Beekmeyer, R., Kerridge, A., Tuna, 
F., Mclnnes, E. J. and Mills, D. P. Actinide covalency measured by pulsed 
electron paramagnetic resonance spectroscopy. Nature chemistry, 2017. 9(6): 
578.

23. Maffrand, C., Zarate, D., Zon, M. A., Fernandez, H. and Romero, M. R. 
Arbitrary waveform generator using FPGA for applications in ultrafast scan 
voltammetry. 2014 IX Southern Conference on Programmable Logic (SPL). 
2014. 1-6. doi:10.1109/SPL.2014.7002220.

24. Sato-Akaba, H. and Tseytlin, M. Development of an L-band rapid scan EPR 
digital console. Journal o f Magnetic Resonance, 2019. 304: 42-52. ISSN 
1090-7807.

69



25. Abe, E., Wu, H., Ardavan, A. and Morton, J. J. Electron spin ensemble
strongly coupled to a three-dimensional microwave cavity. Applied Physics 
Letters, 2011.98(25): 251108.

26. Braunstein, S. Quantum Computing: Where Do We Want to Go Tomorrow.
Wiley. 2000. ISBN 9783527402847.

27. Kaufmann, T., Keller, T. J., Franck, J. M., Barnes, R. P., Glaser, S. J., Martinis,
J. M. and Han, S. DAC-board based X-band EPR spectrometer with arbitrary 
waveform control. Journal o f Magnetic Resonance, 2013. 235: 95 -  108. ISSN 
1090-7807.

28. Conway Lamb, I., Colless, J., Hornibrook, J., Pauka, S., Waddy, S., Frechtling, 
M. and Reilly, D. An FPGA-based instrumentation platform for use at deep 
cryogenic temperatures. Review o f Scientific Instruments, 2016. 87(1): 014701.

29. Tekely, P. Malcolm H. Levitt. Spin dynamics: basics of nuclear magnetic 
resonance. John Wiley & Sons, Chichester, UK, 2001, 686 pp. Price £34.95. 
ISBN 0-471-48921-2. Magnetic Resonance in Chemistry, 2002. 40(12): 800
800.

30. Morton, J. J., Tyryshkin, A. M., Ardavan, A., Porfyrakis, K., Lyon, S. A. and 
Briggs, G. A. D. High fidelity single qubit operations using pulsed electron 
paramagnetic resonance. Physical review letters, 2005. 95(20): 200501.

31. Yap, Y. S., Negoro, M., Kuno, M., Sakamoto, Y., Kagawa, A. and Kitagawa, 
M. Low power, fast and broadband ESR quantum control using a stripline 
resonator. arXivpreprint arXiv:1911.04314, 2019.

32. Koppens, F. H., Buizert, C., Tielrooij, K.-J., Vink, I. T., Nowack, K. C., 
Meunier, T., Kouwenhoven, L. and Vandersypen, L. Driven coherent 
oscillations of a single electron spin in a quantum dot. Nature, 2006.442(7104): 
766-771.

33. Vandersypen, L. M. and Chuang, I. L. NMR techniques for quantum control 
and computation. Reviews o f modern physics, 2005. 76(4): 1037.

34. Bienfait, A., Pla, J., Kubo, Y., Zhou, X., Stern, M., Lo, C., Weis, C., Schenkel, 
T., Vion, D., Esteve, D. et al. Controlling spin relaxation with a cavity. Nature,
2016. 531(7592): 74-77.

70



35. Fedaruk, R., Strzelczyk, R., Tadyszak, K., Markevich, S. A. and Augustyniak- 
Jablokow, M. A. Effect of Rabi splitting on the low-temperature electron 
paramagnetic resonance signal of anthracite. Journal o f Magnetic Resonance,
2017. 274: 73-79.

36. Brown, H. A. and Parks, W. F. The Magnetic Dilution Problem. physica status 
solidi (b), 1968. 27(1): K17-K20.

37. Hu, X., de Sousa, R. and Sarma, S. D. Decoherence and dephasing in spin- 
based solid state quantum computers. In: Foundations O f Quantum Mechanics 
In The Light O f New Technology: ISQM—Tokyo’01. World Scientific. 3-11. 
2002.

38. Toida, H., Matsuzaki, Y., Kakuyanagi, K., Zhu, X., Munro, W. J., Yamaguchi,
H. and Saito, S. Electron paramagnetic resonance spectroscopy using a single 
artificial atom. Communications Physics, 2019. 2(1): 1-7.

39. Grinolds, M., Warner, M., De Greve, K., Dovzhenko, Y., Thiel, L., Walsworth, 
R. L., Hong, S., Maletinsky, P. and Yacoby, A. Subnanometre resolution 
in three-dimensional magnetic resonance imaging of individual dark spins. 
Nature nanotechnology, 2014. 9(4): 279.

40. Hoehne, F., Dreher, L., Behrends, J., Fehr, M., Huebl, H., Lips, K., Schnegg, 
A., Suckert, M., Stutzmann, M. and Brandt, M. S. Lock-in detection for pulsed 
electrically detected magnetic resonance. Review o f Scientific Instruments, 
2012. 83(4): 043907.

41. Quine, R. W., Rinard, G. A., Shi, Y., Buchanan, L., Biller, J. R., Eaton, S. S. 
and Eaton, G. R. UHF EPR spectrometer operating at frequencies between 
400 MHz and 1 GHz. Concepts in Magnetic Resonance Part B: Magnetic 
Resonance Engineering, 2016. 46(3): 123-133.

42. Iwayanagi, T., Ueno, T., Nonogaki, S., Ito, H. and Willson, C. G. Materials 
and Processes for Deep-UV Lithography, American Chemical Society, chap. 3. 
1988, 109-224. doi:10.1021/ba-1988-0218.ch003. URL h t tp s : / /p u b s .  
acs.org/doi/abs/1® .1® 21/ba-1988-® 218.ch® ® 3.

43. Hyde, J. S., Froncisz, W. and Oles, T. Multipurpose loop-gap resonator. Journal 
o f Magnetic Resonance (1969), 1989. 82(2): 223-230. ISSN 0022-2364.

71

https://pubs.acs.org/doi/abs/10.1021/ba-1988-0218.ch003
https://pubs.acs.org/doi/abs/10.1021/ba-1988-0218.ch003


44. Luo, X., Qian, H., Ma, J.-G., Ma, K. and Yeo, K. S. Compact dual-band 
bandpass filters using novel embedded spiral resonator (ESR). IEEE Microwave 
and Wireless Components Letters, 2010. 20(8): 435-437. ISSN 1531-1309.

45. Hirata, H., Walczak, T. and Swartz, H. M. Electronically Tunable Surface- 
Coil-Type Resonator for L-Band EPR Spectroscopy. Journal o f Magnetic 
Resonance, 2000. 142(1): 159-167. ISSN 1090-7807.

46. Froncisz, W. and Hyde, J. S. The loop-gap resonator: a new microwave lumped 
circuit ESR sample structure. Journal o f Magnetic Resonance (1969), 1982. 
47(3): 515-521. ISSN 0022-2364.

47. Liu, Y. Quantum Feedback Control o f Multiple Superconducting Qubits. 
Thesis. Faculty of the Graduate School. 2016.

48. Sun, L., Savory, J. J. and Warncke, K. Design and implementation of an FPGA- 
based timing pulse programmer for pulsed-electron paramagnetic resonance 
applications. Concepts in Magnetic Resonance Part B: Magnetic Resonance 
Engineering, 2013. 43(3): 100-109.

49. Franck, J. M., Barnes, R. P., Keller, T. J., Kaufmann, T. and Han, S. Active 
cancellation -  A means to zero dead-time pulse EPR. Journal o f Magnetic 
Resonance, 2015. 261: 199-204. ISSN 1090-7807.

50. Akar, Z., Kufuk, M. and Dogan, H. A new colorimetric D PPH  scavenging 
activity method with no need for a spectrophotometer applied on synthetic and 
natural antioxidants and medicinal herbs. Journal o f Enzyme Inhibition and 
Medicinal Chemistry, 2017. 32(1): 640-647.

51. Caspers, C., da Silva, P. F., Soundararajan, M., Haider, M. A. and Ansermet,
J.-P. Field and frequency modulated sub-THz electron spin resonance
spectrometer. APL Photonics, 2016. 1(2): 026101. doi:10.1063/1.4945450. 
URL h ttp s://d o i.o rg /1 ® .1 ® 6 3 /1 .4 9 4 5 4 5 ® .

52. Lumata, L., Merritt, M., Khemtong, C., Ratnakar, S. J., van Tol, J., Yu, L., 
Song, L. and Kovacs, Z. The efficiency of DPPH as a polarising agent for 
DNP-NMR spectroscopy. RSCAdv., 2012. 2: 12812-12817.

53. Ishikawa, Y., Ohya, K., Miura, S., Fujii, Y., Mitsudo, S., Mizusaki, T., Fukuda, 
A., Matsubara, A., Kikuchi, H., Asano, T. etal. High-frequency electron-spin-

72

https://doi.org/10.1063/1.4945450


resonance measurements on Mn x Mg1-x O (x= 1.0x 10-4) and DPPH at very 
low temperatures. Journal o f Physics: Conference Series. IOP Publishing.
2018, vol. 969. 012111.

54. Chaudhuri, U. and Mahendiran, R. Detection of L-band electron paramagnetic 
resonance in the DPPH molecule using impedance measurements. RSC 
Advances, 2020. 10(29): 17311-17316.

55. Anderson, P.-W. and Weiss, P. Exchange narrowing in paramagnetic resonance. 
Reviews o f Modern Physics, 1953. 25(1): 269.

56. Verstelle, J., Drewes, G. and Gorter, C. The spin-spin relaxation of DPPH in 
parallel fields. Physica, 1960. 26(7): 520-528.

57. Klauder, J. and Anderson, P. Spectral diffusion decay in spin resonance 
experiments. Physical Review, 1962. 125(3): 912.

58. Rinard, G. A. and Eaton, G. R. Loop-gap resonators. In: Biomedical EPR, 
Part B: Methodology, Instrumentation, and Dynamics. Springer. 19-52. 2005.

59. Telegartner. RG405 coaxial cable, 2021. Rev.2015.
60. UG810 - KC705 Evaluation Board for the Kintex-7 FPGA User Guide 

(v1.9) Datasheet of KC705. h t tp s : / /w w w .x il in x .c o m /s u p p o r t/  
docum entation/boards_and_kits/kc7®5/ug81®_KC7® 5_Eval_Bd. 
pdf. Accessed: 2019-2-12.

61. FMC150 Dual 14-bit A/D & Dual 16-bit D/A Datasheet of FMC 
150. h ttp s ://w w w .a b a c o .c o m /sy s te m /f ile s /f ile s /fm c 1 5 0 _ d u a l_  
1 4 -b it_ a -d _ d u a l_ 1 6 -b it_ d -a _ a -d s -5 0 9 8 .p d f . Accessed: 2019-11-10.

62. Franklin, L. The CB PLL Data Book. CBC International. 1995. ISBN 
9780943132051.

63. Chen, J. La Doping Effect on the Dielectric Property of Barium Strontium 
Titanate Glass-Ceramics. Journal o f Materials Science & Technology, 2014. 
30: 295-298. ISSN 1005-0302.

64. Wood, R. L., Froncisz, W. and Hyde, J. S. The loop-gap resonator. II. Controlled 
return flux three-loop, two-gap microwave resonators for ENDOR and ESR 
spectroscopy. Journal o f Magnetic Resonance (1969), 1984. 58(2): 243-253.

73

https://www.xilinx.com/support/documentation/boards_and_kits/kc705/ug810_KC705_Eval_Bd.pdf
https://www.xilinx.com/support/documentation/boards_and_kits/kc705/ug810_KC705_Eval_Bd.pdf
https://www.xilinx.com/support/documentation/boards_and_kits/kc705/ug810_KC705_Eval_Bd.pdf
https://www.abaco.com/system/files/files/fmc150_dual_14-bit_a-d_dual_16-bit_d-a_a-ds-5098.pdf
https://www.abaco.com/system/files/files/fmc150_dual_14-bit_a-d_dual_16-bit_d-a_a-ds-5098.pdf


LIST OF PUBLICATIONS

Non-Indexed conference proceedings

1. Wei Siang Eow, Yung Szen Yap, 2021, Loop-Gap Resonator for Electron 
Paramagnetic Resonance Spectrometer at X-band, ISMAR-APNMR-NMRSJ- 
SEST 2021, 1,556

78


