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Abstract

We have developed a magnetic resonance equipment for low temperature and high
magnetic fields, aiming at Dynamic Nuclear Polarization-Nuclear Magnetic Reso-
nance (DNP-NMR) and Electron-Nuclear DOuble Resonance (ENDOR) of diluted
spin system using with electron spin resonance (ESR). In this study, we developed
a cylindrical resonator with a submicron-thick gold film for millimeter-wave band
ESR/NMR double magnetic resonance by exploiting the frequency dependence of
the skin depth. ESR measurements were performed using the fabricated resonator at
approximately 130 GHz and in the temperature range of 3—70 K of BDPA diluted to
100 mM in polystyrene. ESR sensitivity was obtained from the measurements. The
YF-NMR signal from the sample holder was also successfully observed.

1 Introduction

Nuclear magnetic resonance (NMR) and electron spin resonance (ESR) are widely
used methods for investigating the basic magnetism of substances from a micro-
scopic perspective. NMR measures the response of nuclear magnetic moments,
which provides information on the structure of organic compounds and dynamics
of surrounding electron spins [1, 2]. The ESR technique can provide informa-
tion on the environment of unpaired electrons which gives g value, as well as
information on electron—electron or electron—nuclear spin interactions [3—5]. ESR
and NMR are generally performed independently because of the difference in the

P4 Yuya Ishikawa
ishikawa @fir.u-fukui.ac.jp

Research Center for Development of Far-Infrared Region, University of Fukui, 3-9-1 Bunkyo,
Fukui 910-8507, Japan

Wihuri Physical Laboratory, Department of Physics and Astronomy, University of Turku, Turun
Yliopisto, 20014 Turku, Finland

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00723-025-01814-8&domain=pdf

1490 Y. Ishikawa et al.

measurement targets. In recent years, with the progress of high-frequency light
sources, the development of measurement methods that combine ESR and NMR
has attracted much attention, especially in dynamic nuclear polarization (DNP)-
NMR measurement methods [6-9]. It has been reported that the sensitivity of
NMR measurement is improved due to the DNP effect caused by irradiation of
the millimeter wave of ESR frequency on the substance with hyperfine structure
which is the interaction between electron and nucleus [10-14]. This method can
improve NMR sensitivity especially for systems with dilute or small magnetiza-
tion of nuclear spins. However, to perform this measurement, the ESR frequency
must be known in advance. Most of DNP-NMR measurement system that have
been developed so far have been designed to maximize NMR sensitivity without
capability of ESR measurements.

It is generally known that the NMR sensitivity largely depends on the filling
factor of the sample in the oscillating magnetic field created by the RF coil. To
perform highly sensitive DNP-NMR measurement, it is necessary to bring the
sample as close to the coil as possible without disturbing the millimeter-wave
mode for ESR. We have developed an ESR/NMR resonator in which a Helm-
holtz-type coil for NMR was installed in a Fabry—Perot-type resonator (FPR) for
ESR, for planar samples [15—-17]. This arrangement is useful for electron—-nuclear
double resonance (ENDOR) measurements because of the high sensitivity of
ESR measurements. However, because the spatial arrangement of the Helmholtz
type coil is limited to avoid disturbing the millimeter-wave mode in the FPR, the
filling factor of the sample for NMR cannot be high. Several years ago, two exam-
ples of ESR/NMR resonators with a cylindrical shape were reported [18, 19]. In
this double-magnetic-resonance resonator, a solenoid coil with a strip of con-
ductor for NMR also serves as a cylindrical resonator for ESR at approximately
140 GHz using the TE;;, electromagnetic wave mode. Weis et al. reported the
measurement results of '>C NMR signal and ?’H Mims-ENDOR enhanced by the
DNP effect using this resonator. This resonator shape has the advantages that the
filling factor of the sample in the coil for NMR can be as high as that for a normal
solenoid, and that one resonator can provide multimode for ESR, while the QO
value (Quality value) of the resonator for ESR is deteriorated because the millim-
eter wave leaks between the turns of the coil. This low Q value is acceptable for
pulsed ESR/ENDOR methods, such as Mims-ENDOR. However it is disadvanta-
geous for cw-ESR measurements and for efficient irradiation of incident micro-
wave power for DNP. It is favorable if one can measure in cw-ESR with an ESR/
NMR double resonator for precise tuning of the ESR frequency for DNP meas-
urements. In this study, to improve the sensitivity of DNP-NMR, we developed
a cylindrical resonator using a thin film made of gold (Au) that takes advantage
of the different skin depths of ESR and NMR frequencies. By making an Au thin
film with a thickness that reflects millimeter waves and transmits radio-frequency
(RF) waves inside the resonator made of insulator resin. In other words, this
means stopping the leakage of millimeter waves. This idea of utilizing gold layer
to realize a resonator for ESR/NMR double magnetic resonance has already been
used for a FPR [16, 17, 20]. Here, we report the development of a cylindrical type
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resonator for the ESR/NMR double magnetic resonance and the results of NMR
and ESR measurements.

2 Principle and Experimental
2.1 Relation Between Shape of Cylindrical Resonator and Resonance Frequency

The design of the resonator needs to fully consider the magnetic field and electric
field patterns of various electromagnetic modes, that is, the H and E fields in the
cavity and the current distribution 7 in the cavity wall. If the patterns are carefully
considered, unnecessary modes can be suppressed and the desired modes can be
excited. Furthermore, it is possible to effectively position the sample insertion posi-
tion and appropriately set the sample insertion hole into the cavity and electromag-
netic wave insertion hole (iris). The resonance condition equation for the cylindrical
resonator is given by the following equation [3],

X\ | (nc\2(D\?
= (22) (£ (2). 1
(Df) < - > WAV ey
where fis the resonance frequency, c is the speed of light, and D and L are the diam-
eter and the length of the cylinder, respectively. [, m, and n are integers representing
the electromagnetic wave mode TE,,,, and X, is m-th root of the /-th order Bessel
function J;". For TE,,,, modes of a cylindrical resonator, the quality factor Q repre-

senting the sharpness of resonance has a broad maximum as a function of D/L ratio
around D/L=1.
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Fig. 1 a Schematic of a cylindrical resonator using Au thin film. b Cross-sectional view of the magnetic
field distribution in the resonator (red dotted line, assuming TE);; mode magnetic field distribution)
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2.2 Cylindrical ESR/NMR Dual Magnetic Resonance Resonator Using Au Thin Film

In this subsection, the resonator for double magnetic resonance developed in this
research is explained (Fig. 1a). This resonator uses the TE(;s mode and the oscil-
lating magnetic field distribution becomes maximum at the center of the cylinder
axis (Fig. 1b). Plungers at both ends of the resonator can change the length L of
the cylindrical cavity, by which the resonance frequency can be adjusted accord-
ingly. The screw pitch was 1 mm. The base material of the cylindrical resonator
was polyether ether ketone (PEEK), which is a highly insulating resin material and
oxygen-free copper is used for the coupling with the waveguide. The NMR coil was
wound along the outside of the PEEK material. The Au thin film was sputtered onto
the inner wall of the resonance part using a coater (SC-701Mk II Advance, Sanyu
Electron Co., Ltd). The deposited film thickness is estimated to be 0.47 um from the
sputtering time. The thickness of this Au thin film corresponds to a skin depth range
(calculated as 0.22-6.7 pm) that reflects millimeter waves for ESR (approximately
128 GHz) while transmitting radio waves for NMR (approximately 138 MHz). Con-
sequently, the film reflects millimeter waves and transmits high-frequency waves.

Variable
Condensor
Cross Diode Magic-T MVNA
________________ Temperature
Controler
Pre-Amp :
L« VTI
’ : D-band
Coaxial "2 Waveguide
Cable
—
' Cernox
Thermo Meter
[ ]
Sample
9-T SCM

Fig.2 Schematic diagram of a cryogenic ESR and NMR system with a cylindrical resonator
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2.3 ESR/NMR System

Here, we describe the cryogenic ESR/NMR measurement system used for measure-
ments in the following section. Figure 2 shows the ESR/NMR measurement sys-
tem used in this study. A Millimeter Vector Network Analyzer (MVNA) (Model
MVNAS-350-2, manufactured by ABmillimetre) was used as both the light source
and detection system. The magnetic field was generated by a 9-T superconducting
magnet (9-T SCM, Oxford Instruments) with the magnetic field homogeneity of
1075/10 mm DSV. The sample was cooled with a variable temperature insert (VTI,
Oxford Instruments). The usable temperature range of VTT is 1.5-200 K. A Cernox
resistance thermometer of CX series (Lake Shore Cryotronics, Inc.) was installed
just above the resonator to measure the temperature of the sample. We performed
cw-ESR by measuring the reflected power from the resonator while sweeping the
magnetic field.

We used a conventional pulsed NMR measurement system that is almost identi-
cal to that described elsewhere [21] except that the resonance circuit was not be
installed in the cryogenic part. Alternatively, we utilized a top-tuning system in
which the capacitance of a variable capacitor and the length of coaxial cable con-
nected to the coil on the resonator were adjusted at outside of the cryostat.

3 Results and Discussion
3.1 Manufacture and Resonance Characteristics of a Cylindrical Resonator

As shown in Eq. (1), the resonance frequency of the cylindrical resonator strongly
depends on the diameter D and the length L of the cavity. Furthermore, in a high
frequency range above 100 GHz, high processing accuracy is required because the
wavelength becomes short. The base material of the resonator must be an insulat-
ing material. In this study, PEEK resin, which has higher strength and heat resist-
ance than STYCAST1266, was used. The inner diameter D of the resonator was ¢
6.5 mm, and the length L could be adjusted within the range of 4.4-8.9 mm. The
diameter of the iris was ¢1 mm. The developed cylindrical resonator uses the TE,
mode and is designed with a resonance frequency of 128 GHz. To prevent the mix-
ing of unwanted resonance modes. The resonator body was sliced into a few parts
and the plunger diameter was made to be ¢ 6.2 mm which is a little smaller than D.
This increases electrical resistance between the parts and suppresses the TM mode
in which current flows in the longitudinal direction of the cylinder [3]. The reso-
nance characteristics of the cylindrical resonator was measured at room tempera-
ture using an MVNA. The measurement method was identical to that described in
our previous study [16]. As shown in Fig. 3a, a resonance mode was observed at a
frequency of 127.51 GHz, and the Q value of this mode was estimated to be about
6500. The waves of the background are attributed to standing waves in a waveguide
used to connect between MVNA and the resonator. Moreover, it was confirmed
that the resonance frequency can be adjusted by moving the plungers as shown in
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Fig.3 a Observation result of resonance at frequency 127.5 GHz measured using an MVNA. b Fre-
quency sweeps for several values of distance L between plungers showing resonance frequency adjusted
by moving the plunger position. The amount of change in L and frequency for each step is shown. The
resonance frequency increased with decreasing L

Fig. 3b. As expected, the resonance frequency increased as the distance between
the plungers which equals L was decreased. The reason why the change in reso-
nant frequency is not proportional to the change in L is probably due to the rattling
of the screw that fixes the plunger. Such processing accuracy also affects Q value
because the accuracy of parallelism between the plunger surfaces is important for
TE,,,, modes.

3.2 ESR Measurement

To evaluate the developed resonator, ESR measurement of BDPA radical (o,y-
bisdiphenylene-p-phenylallyl) diluted to 100 mM in polystyrene was performed. The
BDPA radical is a stable organic radical molecule and its crystal is known to have a
sharp ESR line [22, 23]. BDPA is also utilized as a donor electron spin for causing
ESR in DNP-NMR measurement [24]. Therefore, BDPA is suitable for evaluation
in this study. Since this sample has one radical per molecule and the spin number
can be adjusted by the dilution concentration, it can be used for a sensitivity evalua-
tion. Figures 4, 5 and 6 show the temperature dependences of the ESR spectrum, the
integrated intensity of the ESR line, and the resonance frequency of the resonator,
respectively. At each temperature, the ESR measurement frequency was adjusted to
the resonant frequency of the resonator. Note that each measurement error in Figs. 5
and 6 is within the marker.

At approximately 130.85 GHz, one ESR line was observed over the entire tem-
perature range from 5 to 70 K. The ESR spectrum at each temperature was averaged
over five sweeps. For the ESR spectrum at 5 K, the half- width at half-maximum
was obtained to be 2 mT (=20 G), and the signal-to-noise ratio (S/N ratio) was 6.
No anomalies associated with the magnetic phase transition were observed in the
temperature dependence of the integrated intensity, suggesting that it was paramag-
netic in this temperature region. Regarding the temperature dependence of the reso-
nance frequency, it was found that the resonance frequency increased as the tem-
perature decreased. This is due to the contraction of the resonator. Next, the ESR
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Fig.4 Temperature depend-
ence of ESR spectrum of BDPA
100 mM in polystyrene. The
intensity is shown in a linear
scale. Each spectrum is shifted
vertically for clarity

Fig.5 Temperature depend-
ence of integrated intensity of
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measurement sensitivity of the resonator developed in this research is estimated. The
measurement sensitivity of ESR can be expressed as the number of spins observ-
able per Gauss. Considering that the sample used in this experiment was 34.66 mg
and the density of the diluted polystyrene was 1.05x 10° g/L, the number of spins
contained in the sample was 2.0 x 10'® spins. The measurement sensitivity at about
5 K was calculated by (the number of spins)/((half-width) X (S/N ratio)), and was
obtained to be 2x 10'® spins/G.

3.3 T'"”F-NMR Measurement

NMR measurement were performed at 7 K using the developed cylindrical resona-
tor with the same sample as that used in the ESR measurements. The measurements
were performed with 117.55 MHz under the magnetic field 2.79 T, targeting '°F
contained in a sample holder tube made of Teflon to prove that we can detect NMR
signal of the sample inside of the resonator. The Fourier Transform (FT) spectrum
of obtained '’F-NMR spin-echo signal is shown in Fig. 7. Here, the pulse width was
5 ps and the signal was averaged for eight times. The practicality of the cylindrical
resonator on NMR measurement in the low temperature region was confirmed. It is
noteworthy that the sensitivity of NMR is possibly improved if the thickness of the
Au film can be reduced without losing ESR sensitivity. The optimization of the film
thickness is a future challenge.

4 Summary

In this research, we developed a cylindrical resonator for double magnetic res-
onance of ESR/NMR to increase the sensitivity of DNP-NMR in the high fre-
quency and low-temperature regions. The resonator was made of PEEK with a
submicron-thick gold film on the inner wall. This film thickness is such that the
millimeter wave for ESR is reflected inside the resonator and the NMR RF wave
generated by the coil wound outside the resonator is transmitted across the film
due to the frequency dependence of the skin depth. The Q value representing the

Fig.7 '""F-FT-NMR spectrum
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sharpness of resonance was estimated to be 6500 at 127.5 GHz for a designed
mode TE;5. The frequency was variable at least in a range of 127.5-131.2 GHz
at room temperature by moving the plungers at both ends of the resonator. As
an evaluation in ESR, BDPA radical diluted in polystyrene at a concentration of
100 mM, was measured in the temperature range of 5-70 K and in the vicinity
of 130.85 GHz. The ESR measurement sensitivity was estimated to be 1.8 x 10'°
spins/G. As an evaluation in NMR, the NMR signal of '°F contained in a Teflon
sample holder tube put in the resonator was observed at 7 K and 117.55 MHz.
These results show that both ESR and NMR signals were successfully obtained
at very low temperatures using the cylindrical resonator made of submicron-
thick gold film. From this result, the developed cylindrical resonator can be used
for ESR/NMR dual magnetic resonance in high frequency and low temperature
region with keeping acceptable sensitivities both for cw-ESR and for pulsed
NMR. Better sensitivity will be possibly obtained by optimizing the thickness of
the gold film and improving the processing accuracy.
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