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Abstract — Nuclear Magnetic Resonance (NMR) probes based
on High Temperature Superconducting (HTS) resonators have
demonstrated significant gains in detection sensitivity. However,
the widespread acceptance of thistechnology has been limited by
some unresolvedissues including the mechanical unreliability of
the moveable inductive loops usedto adjust tuning and matching.
In order to improve reliability, we propose to implement
frequency tuning and impedance matching of HTS resonators
using fixed inductively coupled loops and variable capacitors. By
analyzing the loss mechanisms associated with inductive loops,
we identify that using a superconducting inductive loop for
tuning and matching will notonly improwve the reliability of HTS
probes, but also provide improvements in sensitivity.

I. INTRODUCTION

MPROVING the detection sensitivity of Nuclear Magnetic

Resonance (NMR) spectroscopy continues to be a
challenging problem for probe designers. Cooling the probes
to cryogenic temperatures was first implemented more than
two decades ago [1]. Shortly thereafter, the high Q-factor of
High Temperature Superconducting resonators was exploited
to demonstrate significant improvement in NMR sensitivity
[2]. Since then, the major commercial vendors of NMR
equipment have produced cryogenic probes based on normal-
metal conductors, and these cryogenic probes have become a
routine tool in chemistry and biochemistry laboratories around
the world. However, HTS-based probes have found
acceptability only in some niche applications. This work is
aimed at improving the tuning and matching mechanism
which is currently an important obstacle in the widespread
adoption of HTS-based probes.

A. Construction of HTS Probes

The overall construction of HTS based probes has remained
relatively unchanged since they were originally introduced. A
pair of HTS resonators, patterned out of thin-film YBCO on
planar sapphire substrates, straddles the sample [3], [4].
Thermal isolation is provided by evacuating the space
surrounding the coils. Sample temperature is regulated by
passing dry heated gas over the sample tube. Energy is
transferred to the resonators using inductive coupling to a
small loop. Impedance matching to the resonators is adjusted
by translating this inductive loop as explained in [5].
Similarly, fine frequency tuning is achieved by translating a
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Fig 1. Equivalent circuit model for an HTS resonator L»-C» tuned by
a shorted moveable tuning loop L.

shorted inductive loop. Other applications of inductive
coupling and tuning in NMR are also known [5], [6]. More
recently, tuning of HTS resonators using sapphire plates has
also been investigated [7].

B. Analysis of Moveable Loops

The moveable loop mechanism has been implemented
successfully in several HTS probes [8]-[10]. Moveable loops
are relatively easy to implement and provide an adequate
tuning and matching range. Since there is no attachment to the
HTS resonator, swapping either a resonator or a loop is a
simple process. The moveable loops also have some
significant drawbacks including an effect on the magnetic
field homogeneity when the loop is moved, and the possibility
of failure over long term.

The primary drawback associated with the use of moveable
loops is their lack of mechanical stability. When used with
single-sided HTS coils, the loops can be positioned so they
slide againstthe back of the substrate which reduces motion of
the loops. However, with double-sided [9] or double-
resonance [11] coils, a sliding loop would tend to scratch the
YBCO. Further, the loops and their supports can also bend out
of position after repeated adjustment or even due to thermal
stress, causing a change in the tuning range which renders the
probe unusable. In an extreme case, the loops also present a
greater risk of scratching the double-sided HTS resonator.

While the wires used to fabricate the moveable loops are
susceptibility-compensated, the compensation is never perfect.
As a result, moving a loop close to the sample in a shimmed
magnetic field degrades the linewidth of the spectrum. In one
example using our 13C-optimized probe, a change in position
of the 13C tuning loop broadened the 'H spectral lines to
reduce the signal peak height by up to 15%. While this
apparent loss in sensitivity may be quickly regained by re-
shimming, this is not ideal especially in automated
high-throughput NMR spectroscopy systems.
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Fig 2. (A) An inductive loop with a L-network of adjustable
capacitors used to tune and match to the HTS resonator.
(B) Equivalent circuit model for tuning circuit shows HTS resonator
L2-C> tuned by resonant inductive loop L1-Ci.

Loss due to the inductive loops is also an important issue.
Losses in the tuning loops arise due to two mechanisms,
namely losses due to i) the transport current around the loops
and ii) eddy currents in the loop. Losses due to transport
current in the loops increase proportionally with the series
resistance of the wire. On the other hand, eddy current losses
increase with the diameter of the wire. For a fixed tuning loop,
it is possible to compute a wire diameter that produces a
minimum loss. However, for a moveable tuning loop, there is
no single optimum wire diameter. Because the coupling loop
is normally terminated in a relatively high impedance coax,
losses in the coupling loop are mainly due to the eddy
currents.

Equivalent circuit models for the tuning mechanism are
shown in Fig. 1. The resonator (or pair of resonators) is
modeled by a tank circuit comprising L2-C2, and Rz is the
intrinsic resistance of the resonator, such that the resonance
frequency is w2 and quality factor is Q.. The moveable loop is
modeled as inductor Ly with series resistance Ri. Tuning is
adjusted by varying the coupling coefficient k between 0 and
1. The effective resonance frequency w and quality factor Q
(ignoring eddy current losses) can be expressed as parametric
functions of k.
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Il.  FIXED INDUCTIVE LOOP TUNING AND MAT CHING

We propose to improve the inductive tuning and matching
mechanism by replacing the two moving loops by a single
fixed inductive loop with a network of adjustable capacitors.
Similar inductive tuning mechanisms have been used
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Fig 3. Normalized Q over the tuning range, when an HTS resonator
(Q,=10,000) is tuned with a fixed tuning circuit (Q,;=200), for
various levels of coupling k. The normalized Q when the resonator is
tuned by moving a shorted tuning loop is shown for comparison.

previously in MRI coils [12]-[14]. The proposed circuit for
the tuning and matching network is shown in Fig. 2A.

A circuit analysis of the resonant tuning circuit is useful for
better understanding the loss associated with a given
frequency shift. Fig. 2B shows the circuit model of an HTS
resonator inductively coupled to a resonant tuning circuit. In
this figure, the resonator is modeled as a tank circuit L2-C>
with series resistance Rz, such that the resonance frequency is
w2 and quality factor is Q2. The inductive loop is modeled as
L1 with series resistance Ri, and Ci is the tuning capacitor,
such that the resonance frequency is w1 and quality factor is
Q1. Since the position of the inductive loop is fixed with
respect to the resonator, the coupling coefficient k remains
unchanged. Instead, tuning is achieved by varying the
capacitor C1, which in turn adjusts wi. Using simple loop
equations, the resulting frequency » and quality factor Q
(ignoring eddy current losses) can be expressed as parametric
functions of k and w: as
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where X = ( - 2) is useful for simplification.
=07

Different cases arise depending on the value of X, that is,
depending on the tuning circuit frequency relative to the
resonance frequency of the system. First, it can be seen that
when a shorted moveable tuning loop is used, w; = 0, so
X =1, and (3) and (4) reduce to (1) and (2) respectively.
As w, is increased up to w; < w, the value of X > 1 and
thus produces positive tuning shifts. In the case when w; >
w, the value of X < 0 and produces negative tuning shifts.
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Finally, it can be seen that as w; — o for an open loop, the
value of X = 0 and produces no tuning shift irrespective of k.

From (3) and (4), the quality factor can be analyzed as a
function of the frequency shift as w1 is varied at different
levels of coupling k. Fig. 3 shows Q/Q: over the tuning range
for the case where w1 > w2, which results in negative
frequency shifts. As seen, a strongly coupled tuning loop
retains more of the resonator Q over the tuning range. For
comparison, the Q/Q over the tuning range is also shown
when tuning is achieved by moving a shorted loop as
predicted by (1) and (2). Even though the shorted loop actually
produces positive tuning shifts, they are shown here as
negative for comparison. We have also considered (not
included in this abstract) the case when w1 < w2, but the loss
associated with a given frequency shift is always worse than
the case of a shorted moveable loop.

The loss from eddy currents has been ignored in this
analysis so far. As the normal-metal inductive loop is
positioned closer to the resonator in order to increase the
coupling, the eddy current losses will dominate and will offset
any gains made in reducing the transport losses using a strong
coupling.

I1l. EXPERIMENTAL MEASUREMENTS

Tuning and matching of a single spiral HTS resonator using
a fixed coupling loop with variable capacitors was performed
in order to test the results obtained from the circuit analysis
techniques.

A. Simulation

A combination of electromagnetic field simulation and
circuit simulation was used to evaluate the range of tuning
capacitors required. A 2% tuning range was desired. A coil
resonating at 139 MHz was simulated in HyperLynx (Mentor
Graphics) to obtain the reflection coefficient S11 at a port
attached to strongly coupled loop. A second resonance of the
spiral was observed at approximately 400 MHz. The S11
parameter data were imported into the circuit simulation
program Eclipse (Arden Technologies, Inc.). The circuit
shown in Figure 2A was evaluated in order to determine the
resonance frequency as a function of the tuning capacitor. The
resonance of the tuning loop crosses that of the second mode
and produces a large shift in the second mode. Nevertheless,
the desired fundamental mode varies smoothly and
monotonically with the tuning adjustment. Based on this
simulation, we chose variable capacitors varying from 1-16 pF
for both the tuning and the matching capacitors.

B. Implementation

Tuning and matching using a fixed coupling loop and a
capacitive network was tested in a cryogenic test station at
25K. The cryogenic test station was suitably modified to
accommodate tuning rods for variable capacitors. The tuning
rods could be adjusted from outside the vacuumspace to vary
the capacitors inside the test station under vacuumoperated at
cryogenic temperatures. A printed circuit board was fabricated
to accommodate variable capacitors for tuning and matching.
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Fig 4. Plot of tuning achieved with a fixed inductive loop with
variable capacitors connected across it shown as a function of the
frequency of the tuning circuit fr. The loop was fashioned out of
either 26 AWG or 20 AWG loop wire.
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Fig 5. Plot of the Q over the tuning range as an HTS resonator is

tuned using a fixed inductive coupling loop and variable capacitors.
The measured Q is normalized to the original Q of the resonator (Q,).

Loops were fashioned out of normal-metal wire of both 26
AWG (to produce a coupling of approximately k= 0.10) and
20 AWG (for k= 0.15) for comparison. Variable capacitors
from Sprague-Goodman (1-16 pF) were used to adjust tuning
and matching.

The HTS resonator used was resonant at a frequency of
139.7 MHz with a Q of 3,800. The Q was then measured as it
was tuned using variable capacitors. Fig. 4 shows the
frequency shift of the coupled system as a function of the
resonance frequency of the tuning circuit. Since the tuning
circuit resonance is higher than that of the HTS resonators, the
coupled system resonates at a lower frequency than the HTS
resonators alone. The minimum frequency shift of
approximately 0.3% is seen at the smallest value of the
capacitor. As the value of the tuning capacitor is increased, the
resonance frequency of the coupled system is shifted down.
The tuning circuit with 20 AWG wire loop produces nearly
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6% maximum tuning shift, whereas the tuning circuit with a
26 AWG wire loop produces nearly 3.5% maximum tuning
shift. As expected, the loop with a larger k produces a larger
tuning shift. Fig. 5 shows the measured Q over the tuning
range. The measured Q values are normalized to the coil-Q in
the absence of the tuning circuit. Using the 20 AWG wire
loop, even at the lowest level of tuning (0.3%) the measured Q
is only approximately 40% of the original Q of the resonator.
Using the thinner 26 AWG wire loop, the Q is approximately
55% of the original Q of the resonator. Since there is very
little current in the tuning circuit for this low level of tuning,
the Q loss must be mainly attributed to the eddy currents in the
loop. As expected, more eddy current loss was seen in the
thicker wire loop. The loop position was adjusted only for
good coupling to the HTS resonator, and no consideration of
the eddy current loss was made. At the maximum tuning shift,
approximately 10% of the original Q of the HTS resonator is
retained. Since the position of the loop is unchanged, all
additional loss as the coil is tuned must be solely attributed to
transport current losses in the loop. As expected, the thinner
wire has more loss associated with transport current as the
HTS coil is tuned.

Using a normal-metal fixed inductive loop and variable
capacitors, an adequate tuning range was easily achieved.
However, a significant loss in Q was observed over the tuning
range. This observation is consistent with the circuit analysis
predictions.

V. DISCUSSION

Use of a superconducting inductive loop will eliminate
losses due to eddy currents, while simultaneously achieving
tight coupling to the resonator. This loop may be patterned on
the same substrate as the coil to maximize the coupling
coefficient. In order to connect capacitors across the inductive
loop, normal-metal wire bonds to the superconducting loop
will be required. Therefore no improvement will be achieved
in the Q1 of the tuning circuit itself. However, the Q of the
overall resonance is improved by reducing the transport
current in the loop.

It is very important to obtain a sufficient tuning range in
HTS-based probes without a decrease in Q, since sensitivity of
the probe is proportional to the square root of Q. However if
tuning range is limited to optimize the Q, then the usefulness
of the probe may be compromised.

Fixed loop tuning such thatthe resonator is tuned down also
simplifies probe construction in another way. In the present
construction of HTS probes, while the resonance frequency
can be shifted up by trimming away regions of the resonator
by laser ablation, there is no means to shift down the resonator
frequency. Since the in-probe tuning also shifts up the
frequency, a resonator which overshoots the target due to
variability in patterning is rendered useless. In order to avoid
overshooting, the HTS resonators are designed to have
resonance frequency well below the target in the patterning
step, and the frequency is brought up in small iterative steps
by laser trimming. Since the new fixed loop tuning method

allows bringing down the frequency without much reduction
in Q, slight overshooting of the target frequency is not very
critical. Thus, the resonator can be designed to resonate much
closer to the target frequency.

V. CONCLUSION

A tuning and matching mechanism for HTS probes which
uses a single fixed coupling loop along with a variable
capacitor network is presented. Using circuit analysis, the
different configurations are considered in terms of tuning
circuit frequency and level of coupling. We predict that a
strongly-coupled superconducting inductive loop with an
adjustable capacitor network will not only improve the probe’s
mechanical reliability, but also provide improvements in
sensitivity.
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