Journal of Physics: Conference Series

PAPER « OPEN ACCESS

Modeling the Resonance Shifts Due to Coupling Between HTS Coils in
NMR Probes

To cite this article: 3 N Thomas et al 2020 J. Phys.: Conf. Ser. 1559 012022

View the article online for updates and enhancements.

This content was downloaded from IP address 69.254.219.137 on 05/08/2020 at 15:48


https://doi.org/10.1088/1742-6596/1559/1/012022
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjsvvjpqdinMz-AgtkC5xZdyNzuhm3kozMoc9y1nrWGwUEEr4e5vA643SfdDXuL6dvnUTwDr2mpo9MKm2ljETwVDuHgRCJuqHDLkSBrlTJFJdzR9QsGiCtXZ0K9TWsgPB3ADviPaLagYzDRb6zgAkScPga4Roy31J1IcalYW0DJS8vVaf8FTFQQA4QjvT6ThgfxotQEmVrHml87Rx5j0z7usfeFMjP3y0z_2yiGtJEr4I7CgLcSMx&sig=Cg0ArKJSzE-6Cy_4OGnd&adurl=http://iopscience.org/books

14th European Conference on Applied Superconductivity (EUCAS 2019) IOP Publishing
Journal of Physics: Conference Series 1559 (2020) 012022  doi:10.1088/1742-6596/1559/1/012022

Modeling the Resonance Shifts Due to Coupling Between HT'S
Coils in NMR Probes

J N Thomas!, V Ramaswamy?, T L Johnston!, D C Belc', N Freytag?, L A
Hornak?, A S Edison® and W W Brey!

'National High Magnetic Field Laboratory, Florida State University, Tallahassee FL,
USA

’Bruker Biospin, Faellanden, Switzerland

3University of Georgia, Athens, GA, USA

int15@my.fsu.edu (J N Thomas), vijaykumar.ramaswamy@bruker.com (V
Ramaswamy), tjohnston@fsu.edu (T L Johnston), dcbl6e@my.fsu.edu (D C Belc),
nicolas.freytag@bruker.com (N Freytag), lahornak@uga.edu (L A Hornak),
aedison@uga.edu (A S Edison) and wbrey@magnet.fsu.edu (W W Brey)

Abstract. Nuclear magnetic resonance (NMR) probes using thin-film HTS coils offer high
sensitivity and are particularly suitable for small-sample applications. Typically, HTS probes are
optimized for the detection of multiple nuclei and require several coils to be located within a
small volume near the sample. Coupling between the coils shifts coil resonances and complicates
coil trimming when tuning HTS probes. We have modeled the magnetic coupling between the
coils of a 1.5-mm all-HTS NMR probe with *C, 'H, and ?H channels. By measuring the magnetic
coupling coefficients between individual coils, we solve the general coupling matrix given by
KVL for six coupled resonators. Our results indicate that required trims can be accurately
predicted by applying single coil trimming simulations to this magnetic coupling model. Use of
the magnetic coupling model significantly improves the efficiency of tuning HTS probes.

1. Introduction

Nuclear magnetic resonance (NMR) is a powerful molecular characterization technique useful for the
study of solution samples in biology, biochemistry, and organic chemistry. NMR utilizes the
radiofrequency (RF) signals generated by isotopes with unpaired nuclear spins when located in a
magnetic field and excited with an RF pulse. Due to its widespread abundance and relatively strong
NMR signal, 'H is the most commonly employed isotope for NMR detection. However, '*C detection
provides direct information concerning the carbon scaffolding that forms biological molecules and is
also widely applied in NMR experiments despite its relatively low sensitivity and 1.1% natural
abundance [1]. NMR notoriously suffers from a low detection sensitivity because of the low Boltzmann
polarization available at temperatures suitable for biological samples. Improving the signal-to-noise
ratio (SNR) in NMR spectra can be effectively accomplished by enhancing the sensitivity of the NMR
probe. The SNR of a probe for a given sample can be described by
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where M, is the sample magnetization, Bi/I is the strength of the RF excitation pulse per unit current in
the coil, Tt, 7%, and T are the coil, preamplifier and sample noise temperatures, respectively, and R, and
R. are the effective resistance of the sample and coil [2]. Cryogenic probes in which a normal metal coil
is cooled to reduce 7. and R., and the preamplifier is cooled to reduce 7., are widely used to improve
sensitivity in NMR. Such probes are most effective when other terms, particularly the product of sample
resistance and temperature 73R,, do not dominate the denominator. Cryogenic probes based on normal
metal technology typically enable 3-4 times the detection sensitivity of conventional room temperature
probes and preamplifiers [2—4].

Thin-film high temperature superconducting (HTS) RF coils in cryogenically cooled NMR probes
can further improve SNR by reducing the coil resistance R. beyond what can be achieved in a normal
metal coil [1,5-8]. However, HTS coils have yet to be widely implemented in commercial NMR probes.
Part of the reason may be that HTS probe construction is a tedious and time-consuming process.
Variability in substrate thickness and photolithographic processes lead to differences in resonance
frequency between coils of the same design even from the same wafer. In addition, the resonance
frequency of an HTS coil is very sensitive to the local environment and is shifted by the presence of
nearby conducting and even dielectric objects, particularly including other HTS resonators if present.
Coil resonance frequencies often must be adjusted after fabrication. The resonances can be shifted by
removing superconducting material through photolithography or with a laser [9]. For an interdigital
capacitor the fingers can be shortened or removed to reduce the total capacitance, whereas for a
transmission line resonator the structure can be shortened to reduce the electrical length. In either case
the resonance frequency is shifted up. In this process, which we call trimming, it is not necessary to
remove all excess material. Instead we separate small portions of the coil structure which then no longer
participate in the resonant mode. The resonance can also be shifted down by coating the resonators with
a dielectric material having a low loss tangent [10]. Testing and iteratively trimming/coating devices to
achieve the required resonances for several channels simultaneously can be a time-consuming process,
so it would be helpful to have tool to better predict the outcomes and reduce the number of iterative
steps required.

The experiments outlined in this project were aimed to develop a model to effectively describe the
behavior of a set of HTS resonators in order to increase the efficiency of the build-out process of HTS
probes. A set of electromagnetic (EM) interactions in an ensemble of HTS resonators is related to setting
the final frequencies of each channel of an HTS probe. While these interactions are largely magnetic, it
wasn’t known if a simple magnetic coupling model would suffice to describe them or if there were
significant electric interactions as well. This project utilizes RF/microwave filter theory based on
coupling coefficients of intercoupled resonators to develop a model of the magnetic interactions between
adjacent HTS coils [11]. The model has fairly general applicability since it was not based on a precise
resonator material or design. We hypothesized that the magnetic coupling coefficients would remain
relatively constant as resonator modes shifted during trimming. If magnetic coupling comprised the bulk
of coil interactions, this method, used in conjunction with detailed EM simulations of each resonator,
would predict the coupled modes of a multi-channel HTS NMR probe and make single-trim tuning
procedures possible.

2. Materials and Method

All measurements were conducted on a *C optimized 1.5-mm all-HTS NMR probe in development for
a nominally 600 MHz NMR spectrometer. At the magnet’s field of 14.095 T, isotopes *C, 'H, and *H
have Larmor frequencies of 150.903 MHz, 600.130 MHz, and 92.124 MHz, respectively. The *H
channel functions as a lock system to ensure the spectrometer operates at a constant net magnetic field
[12]. The probe has a sample fill volume of about 35 microliters and active volume of about 20 ul. A
probe of similar design previously developed in our lab is described in [1]. The probe described in [1]
had a '3C channel quality factor (Q) of 2,200. The probe in development is intended to have an even
more sensitive '*C channel. At zero applied field the new '3C coil has a Q of 34,000.
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The probe featured three pairs of HTS coils in a Helmholtz-like configuration (Figure 1). Each of the
six individual coils was patterned by Star Cryoelectronics (Santa Fe, NM, USA) from ~300 nm-thick
films of Y BaxCu3O075 (YBCO) coated epitaxially onto 430 pum-thick sapphire by Ceraco, GmBH
(Ismaning, Germany). The *C detection coils utilized a double-sided counter-wound spiral resonant
structure consisting of four turns per side. The full details of the '*C coil will be published when the new
probe is complete. A single-sided interdigital-capacitor based design, known as a racetrack design, with
24 fingers and four gaps was used for the 'H detection coils [13]. The H detection coils employed a
single-sided spiral resonant structure with 10 turns. Evenly spaced tick marks prepared along the inner
and outer edges of each coil trace served as a reliable independent variable while trimming. Trimming
was accomplished via laser ablation. A 532-nm laser mounted on a microscope probe station was used
to accurately and effectively eliminate portions of YBCO and increase the resonance frequency of the
coil (Figure 2). Three movable normal metal power-matching loops were inductively coupled to the
HTS coils and adjusted to minimize the reflection coefficient S;; at the relevant modes. A vector network
analyzer (VNA) was used to measure the reflected response in continuous wave (CW) mode at 0 dBm
incident power. Several HTS probes have implemented movable inductive tuning loops that give users
the ability to finely tune coil resonances during routine probe use [1,5,14,15]. Normal metal tuning loops
will be added later in probe development but were not present for these tests. All measurements were
performed at a coil temperature of approximately 40 K, well under the superconducting transition
temperature of YBCO (93 K).
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Figure 1. Design of the 1.5-mm all-HTS NMR probe. The details and dimensions are simplified or
distorted for illustrative purposes and are not exact reproductions of the design. (a) Diagram of the
NMR probe-head illustrating the arrangement of two pairs of HTS coils and the corresponding normal
metal power-matching and tuning loops. (b) Cross-sectional schematic of the coil arrangement. Three
Helmholtz-like pairs are maintained under vacuum at 40 K and surround the 1.5-mm sample tube. (c)
Diagram of the coupling interactions present in an ensemble of resonators. The magnetic coupling
coefficients K, between each resonator construct the n x m coupling matrix used to predict the
coupled modes.
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Figure 2. Visual results of laser ablation on a *C
detection HTS coil. A 532-nm laser mounted on a
microscope probe station was used to trim the coils
by eliminating slices of YBCO, seperating portions
of turns or fingers from the coil structure.

2.1. Method

We constructed a magnetic coupling model of the six HTS resonator ensemble and ignored the effects
of mutual capacitance between coils. The model was constructed by treating each resonator as a simple
LC circuit within a lumped element model with mutual magnetic inductances M,,, = K,,,, (L,L,,)"*
between resonators where K, is the magnetic coupling coefficient between individual coils and L,, is
the self-inductance of each coil (Figure 1c). The coupled modes of the full probe were predicted through
an eigenvalue analysis of the general coupling matrix given by Kirchhoff's Voltage Law (KVL) [11]
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The only observed quantities measurable from each resonator were the resonance frequency and the Q.
For the purposes of this analysis, we were free to construct any circuit model that mimicked the observed
behavior of the device. Since we needed to supply arbitrary values for our transmission line resonators,
it was simple to use the same value of inductance for all resonators and set the frequency by adjusting
the capacitances. Therefore, we assigned a self-inductance L, of 100 nH to each resonator. The self-
resonance m, of each coil was measured separately so that the corresponding capacitances were
calculated using C, = (w2L,)"'. Consequently, the model was not limited to use on a specific resonator
material or design. For a pair of asynchronously tuned resonators, K|, can be written as a function of
the isolated resonances @ o, and coupled resonances w; 5 [11]:
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The choice of sign corresponds to the relative direction of the two loop currents.

We exploited symmetries within the coupling matrix and probe design to reduce the number of
measurements needed for the project. A total of 13 preliminary measurements were made in the
construction of the magnetic coupling model for the 1.5-mm all-HTS NMR probe. First, the isolated
resonant frequencies of all six HTS coils were measured individually in the probe (Table 1). Then, the
seven unique parallel and perpendicular orientations of K,,,, were calculated by mounting different pairs
of coils and measuring coupled-pair resonances ) , (Table 2). The efficacy of the magnetic coupling
model was evaluated through its capacity to predict the coupled resonances of the full NMR probe before
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and after a set of test trims. The coupled resonances were measured in “full-up” (fully loaded) probe
tests with all six coils and three power-matching loops. A machined plastic coil “spreader” was fitted
atop the coil assembly during full-up measurements to ensure consistent coil positions. The coil spreader
was not used during pair measurements.

Table 1. Measured self-resonance of each isolated HTS coil

BCCoil1 BCCoil2 'HCoill HCoil2 2HCoill 2H Coil 2

Resonance (MHz) 140.107 141.417  581.987 587.428 92.971 93.121

Table 2. Magnetic coupling coefficients X,,,, where n # m. Values of K, for unique parallel
and perpendicular orientations were calculated from the measured isolated and coupled-pair
resonances. A descent algorithm was used to adjust K,,,, to minimize the RMSPE between the
observed and predicted coupled modes. Couplings between coil pairs highlighted in blue were
held fixed. Couplings between *C and 'H coils required the largest adjustments (from 0.176
to 0.111) with a change of 59%.

Measured Kum

13C Coil 1 13C Caoil 2 IH Coil1 !H Coil 2 2H Coil 1 2H Coil 2

BC Coil 1 -- -0.095 0.176 -0.176 -0.142 -0.094
13C Coil 2 -0.095 -- -0.176 0.176 -0.094 -0.142
'H Coil 1 0.176 -0.176 -- -0.116 0.153 -0.153
'H Coil 2 -0.176 0.176 -0.116 -- -0.153 0.153
2H Coil 1 -0.142 -0.094 0.153 -0.153 -- -0.031
2H Coil 2 -0.094 -0.142 -0.153 0.153 -0.031 --
Descent Algorithm
Adjusted Kum

13C Coil 1 13C Coil 2 IH Coil1 !H Coil 2 2H Coil 1 2H Coil 2

BC Coil 1 -- -0.095 0.111 -0.111 -0.099 -0.071
BC Coil 2 -0.095 -- -0.111 0.111 -0.071 -0.099
'H Coil 1 0.111 -0.111 -- -0.116 0.107 -0.113
'H Coil 2 -0.111 0.111 -0.116 -- -0.113 0.108
2H Coil 1 -0.099 -0.071 0.107 -0.113 -- -0.031
2H Coil 2 -0.071 -0.099 -0.113 0.108 -0.031 --

Fixed Variable
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3. Results and Discussion

3.1. Pre-Trim Results

Using the measured isolated resonances and coupling coefficients, the coupled resonances of the full
probe were predicted with 1.26 root-mean-squared-percentage-error (RMSPE) for constructive modes
and 5.30 RMSPE for destructive modes (Table 3). While only constructive modes are utilized for NMR
detection and irradiation, correctly predicting the destructive modes served as an essential sanity check
- ensuring that the coupling model exclusively described the unique set of interactions related to this
ensemble of resonators. We suspected that the residual error was primarily due to the evident variability
in the mounting positions of the resonators. Some perpendicular resonators had parallel wires that were
less than 1 mm apart, so a small mounting error led to a significant difference in coupling. Notably, the
difference in coupling coefficients for two pairs of seemingly identical coils mounted in the same
location was calculated to be about 30 percent. Therefore, applying probe symmetries to reduce the
number of coupling measurements did have an appreciable disadvantage. However, this shortcoming
could not be solved by simply measuring all 36 coupling coefficients. The coil spreader forced the six
coils into a consistent but unique set of positions when measuring the coupled modes of the full probe.
These unique positions were not replicable during experiments where only two coils were measured.
Additionally, the *H detection coils were stacked on top the '*C detection coils during full-up
measurements. This position was closely but not perfectly reproduced by mounting a replica *C coil
base in the absence of a '*C detection coil.

Given that the residual error was small, it was hypothesized that the exact magnetic coupling
coefficients could likely be found locally in the 6x6-dimension K,,,-space. If this hypothesis was
accurate, an additional preliminary measurement of the coupled resonances could be used to overcome
mounting errors. A descent algorithm was employed to adjust X,,,, to minimize the RMSPE between the
observed and predicted coupled modes (Table 2). RMSPE was reduced to 0.82 and 0.76 for constructive
modes and destructive modes, respectively (Table 3). The largest K,,,, adjustments were by 59%, which
was consistent with the observed variations in mounting position between perpendicular resonators.

3.2. Post-Trim Results

Following a test trim of all coils, the single coil resonances and the adjusted K, matrix derived above
were used to predict the coupled resonances of the full probe (Table 4). It predicted the coupled
resonances of the full probe with 0.60 RMSPE and a maximum error of 1.00% for constructive modes.
RMSPE for destructive modes was 0.87. As hypothesized, the coupling coefficients were consistent
through trimming. However, normal metal tuning loops can only produce a tuning range of about 1% of
the coil’s resonance frequency without introducing significant reductions in Q due to transport current
and eddy current losses [9]. Thus, tuning procedures for similar all-HTS NMR probes may employ a
single trim per coil to get 1-2% below the final resonances. Some coils may require a second trim to
fine-tune resonances to within the tuning range of the tuning loops.

Table 3. Comparison of the measured coupled resonances of the all-HTS NMR probe with the magnetic
coupling model’s predictions before trimming. The magnetic coupling model constructed from
measured K, values predicted constructive modes w13sand destructive modes w46 with 1.26 and 5.30
RMSPE, respectively. K, was adjusted to account for mounting errors by using a descent algorithm to
minimize RMSPE to 0.82 for w1 35and 0.76 for w2 4.

Before Trimming w1 w2 w3 W4 ws s
Measured Resonances (MHz) 89.520 93.338 137.704 147.670 542.130 651.369

Prediction: Measured Knm (MHz)  89.988 94.436 140.636 147.750 542.754  710.705
Prediction: Adjusted Knm (MHz) 90.797 94.563 137.697 147.866 542.496  651.379



14th European Conference on Applied Superconductivity (EUCAS 2019) IOP Publishing
Journal of Physics: Conference Series 1559 (2020) 012022  doi:10.1088/1742-6596/1559/1/012022

Table 4. Comparison of the measured coupled resonances of the all-HTS NMR probe with the magnetic
coupling model’s predictions after trimming. The magnetic coupling model based on the adjusted K
values predicted constructive modes w35 and destructive modes w246 With 0.60 and 0.87 RMSPE,
respectively.

After Trimming w1 w2 w3 wa ws ws
Measured Resonances (MHz) 90.361 94.263 141.948 152.338 560.044  677.827

Prediction: Adjusted Knm (MHZz) 91.276 95.329 142.239 152.873 560.834  671.437

4. Conclusions

An effective description of the magnetic interactions of a set of proximate HTS resonators was
presented. A magnetic coupling model was used to accurately predict the individual coil resonances
required for the ensemble of HTS coils to obtain a particular set of coupled modes within an HTS probe.
Therefore, it was shown that magnetic coupling comprises the bulk of coil interactions. We expect this
model will be more easily applied to probes with immobile coil positions; especially probes with multi-
tuned resonators [16]. The implementation of accurate trimming simulations in conjunction with a
magnetic coupling model based on the coupling coefficients of intercoupled resonators will result in a
significant increase in the efficiency of the built-out process of HTS probes. Future coupling models
may consider the effect of capacitive coupling to decrease errors to strictly less than 1%.
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