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Abstract

The use of high temperature superconducting (HTS) radio frequency (RF) coils in
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coils prior to their use in MRI. The cryostat can be used at temperatures from 50K to
300K, with a control precision of approximately 3 mK at 70K, and can measure the
RF electrical power transmitted to an HTS coil over a range from 1 uW to 10W. The
quality factor and resonance frequency of the tested HTS coil are determined as a
function of the temperature and the power it dissipates. This cryostat also permits
the dynamic adjustment of the coil resonance frequency via temperature control.
Finally, this study demonstrates that the HTS coil takes less than 12 ps to transit from
the superconducting to the dissipative state, which is compatible with MRI
requirements.
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Introduction

Magnetic resonance imaging (MRI) is a safe and non-invasive imaging technique that
provides anatomical, structural and functional information. In general, radiofrequency
(RF) volume transmit coils are used to generate a homogeneous spin excitation. The
detection of the spin response is achieved by placing a surface receive coil close to the
region of interest; surface coils have a higher local sensitivity than volume coils. The
receive coil must be inactive when the transmit coil is active (i.e., during spin excita-
tion) in order to prevent RF coupling between the two coils. This is usually obtained
by using an active or passive decoupling circuit that is soldered on the coil, thus at-
tenuating or shifting the resonance of the coil [1].
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In high spatial resolution MRI, the nuclear magnetic resonance (NMR) signal
encoded in an elementary voxel is relatively weak because of the microscopic dimen-
sion of the voxel. This means that the RF surface coil used for signal detection has to
be highly sensitive. One solution for this sensitivity-based limitation is to use high
temperature superconducting (HTS) receiver coils at clinical field strength. This has
been shown to greatly improve the signal-to-noise ratio (SNR) [2] and has been suc-
cessfully used in micro-imaging applications [3, 4]. The SNR improvement is attribut-
able to both the small size of the coil and to the low resistance (R) of the HTS material
in the superconducting state at low cryogenic temperature. Its resistance is several or-
ders of magnitude lower than that of conventional copper and results in a substantially
lower noise level.

However, the standard decoupling techniques mentioned above cannot be used with
HTS coils because the use of active or passive soldered components would entail sig-
nificant additional losses and negate the advantages provided by the low resistance of
the HTS material. This explains why previous works were conducted using HTS coils
in both transmit and receive modes. Besides, HTS materials exhibit a nonlinear vari-
ation of their resistance as a function of the transmitted power. The use of HTS coil in
transmit mode thus results in a non-uniform/controlled flip angle and makes impos-
sible the production of quantitative images. It is therefore important to find dedicated
strategies to inactivate/decouple the HTS coil during RF transmission.

One possible solution is to take advantage of the resistance variation as a function of
the power transmitted to the HTS coil. The power that the HTS coil is exposed to dur-
ing the RF transmission period (about 1 W) far exceeds the power applied during the
reception period (up to 10~ ® W). Shen el al. have found that the resistivity of supercon-
ducting materials presents a nonlinear behavior under the effect of RF power [5], but
no general model to describe or predict the resistance variation of HTS coils over an
extended range of temperature and power has been published to date [6].

Girard et al.’s [7] method to measure the quality factor (Q) and the resonance fre-
quency (fp) of an HTS coil makes it possible to predict coil resistance during RF trans-
mission [8, 9]. However, a dedicated set-up is required to ensure that measurements
are accurate, reproducible and reliable enough to use resistance variation to activate
the HTS coil during RF reception and inactivate it during RF transmission. This setup
should also make it possible to measure the transition time from the superconducting
to the dissipative state. This switching time has to be short compared to the few milli-
seconds observed in typical RF pulse durations.

There are different approaches to develop a dedicated cryostat to cool RF coils. Most
cooling systems involve the direct immersion of the coil in liquid nitrogen (LN2) using
for example Styrofoam vessels [10—14]. Some publications report the use of cold fingers
made of solid materials with high thermal conductivity and low dielectric losses, such
as sapphire or alumina [15-18]. Nevertheless, all of these approaches involve working
with the cryogenic fluid at a fixed temperature defined by the saturation conditions at
atmospheric pressure. To overcome this, Lambert et al. propose a technique in which
users can vary the temperature of a LN2 cryostat by controlling the pressure of the ni-
trogen bath [19]. However, this method presents risks in terms of pressure hazards,
and does not provide accurate and precise RF measurements due to the intrinsic in-
stability of the LN2 pressure. Another means to control the temperature variation is to
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use closed-cycle cryocoolers such as Joule-Thomson (J-T) cryocoolers [20], Gifford-
McMahon [21], pulse-tube [22] and Stirling cryogenerators [23] that allow to reach li-
quid nitrogen temperature without the use of cryogens. These closed-cycle cryocoolers
are cryogen-free and most of them rely on a hermetically sealed volume of gas that is
periodically compressed and expanded by a piston and a displacer.

This paper presents a custom-made, low-cost cryogenic system with an integrated ra-
diofrequency characterization setup. It allows users to study the properties of supercon-
ducting materials as a function of temperature and RF power through contactless
electrical measurements. The cooling source is based on the Stirling cryocooler, a com-
promise between cost and efficiency. This cryogen-free cryostat combines a dedicated
cryogenic environment with an RF measurement setup, thus allowing for the simultan-
eous monitoring of temperature and the evaluation of f; and Q prior to their use in
MRI

Methods/experimental

The experimental setup is composed of a vacuum chamber associated with a cryocoo-
ler, a pressure monitoring system, a temperature controller and an RF measurement
system. A schematic diagram and a photograph of the cryostat are provided in Fig. 1la

and b, respectively.

Cryogenic system

The vacuum chamber is a sealed four-way cross (304 L, CF160) with a diameter of
152.4 mm and a height of 273 mm (Fig. 1b). The cold head is installed at the bottom of
the cross; the coil under test is placed inside the vacuum chamber via a loadlock door
with a transparent window, located at the top of the cross. Electrical and vacuum feed-
throughs are placed on the sides of the cross as shown in Fig. 1a. A micrometric screw-
driver is used to finely adjust the position of the measurement probe (see Fig. 1b). A
turbo-molecular vacuum pump is connected to the evacuation part of the vacuum
chamber. Dynamic pumping is used during the experiments so as to maintain a vac-
uum of about 10~ ° mbar.

Cooling power is provided by a LSF 9340 cryocooler (THALES Cryogenics, Eindhoven,
Netherlands). A copper plate is screwed onto the cold finger of the cryocooler to host the
sapphire cylinder (height and diameter = 20 mm) used to eliminate eddy currents that are
induced in metallic sample holders when RF magnetic fields are present. To ensure ther-
mal contact, indium foils are systematically placed at each interface i.e. between the cold
finger and the copper plate and between the copper plate and the sapphire cylinder.

Temperature monitoring system

Two temperature sensors are used for temperature monitoring (see Fig. 1a). A PNP
2N5195 transistor is screwed to the copper plate hosting the sapphire cylinder. The
emitter-base diode of this transistor is used as a temperature sensor. Connected as it is
to the cooler drive electronics (provided by THALES cryogenics), the diode measures
the temperature of the cold head using a custom-made Matlab interface. The
temperature of the RF coil is probed with a flat Pt100-type Platinum resistor (RS Pro
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Fig. 1 a Schematic diagram of the experimental setup. b Outside view of the cryostat: the vacuum
chamber consists of a sealed four-way cross (see blue outline in Fig. 1a) with four flanges

362-9856, 1/3 B DIN) fixed to the sapphire cylinder near the HTS coil with thermally
conductive glue and Kapton® tape. The temperature is measured every 10 ms.

In addition, four 100 Q-resistors are placed on the copper plate to provide active
warming of the system.

RF measurement system
Figure 2 shows a diagram of the RF setup, composed of a Keysight E5071C Vector
Network Analyzer (VNA) connected to a measurement probe that is inductively
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Fig. 2 Scheme of the RF measurement setup. The electrical parameters (Q and fo) of the HTS coil are
inductively measured by reflectometry

coupled to the RF coil (Fig. 1). A custom-made Matlab interface was used for
VNA control and data acquisition.

A double-sided multi-turn transmission line resonator was used in this study. Each
side is composed of 6 turns of YBa,Cu3O, with an average diameter of 12.3 mm, i.e. a
total length of 230 mm and a width of 200 um. The superconducting material is depos-
ited on a sapphire dielectric substrate (CERRACO; thickness =330 pm, @ = 11.6 mm)
and its critical temperature is about 86 K.

RF measurements were performed following the method defined by reference [7].
The electrical parameters of the HTS coil were obtained by measuring its RF response
through inductive coupling with a measurement probe and using the single loop probe
method [24]. The measurement probe is a 12-mm diameter copper loop, tuned to fj
with a 330 pF-capacitor and matched using a 50 Q-resistance that can dissipate incident
power of up to 10 W.

The single-loop probe method uses a reference data set for the reflection coefficient
po measured at 90 K; at this temperature the HTS coil is not resonant. From the reflec-
tion coefficient p, measured in the presence of the coil under test, we can calculate the
compensated reflection coefficient, defined as pcomp = p — po [24]. The HTS coil quality
factor Q is obtained from a swept-frequency response analysis of pcomp, Using Q = fo/
[BW]_34p, where [BW]_34p is the 3 dB attenuation bandwidth.

Results
Figure 3 shows the temperature variation measured by the diode and the Pt100 sensors
during the cool-down (a) and warm-up (b) processes. The difference between the
temperature measured by the sensors during the cool-down (Fig. 3a) is approximately
2K when the temperature of the diode is 70 K. This indicates an imperfect thermal
contact between the flat-shaped Pt100 and the cylindrically shaped sapphire cold finger.
The precision of the measurement is approximately 3 mK and 37 mK at 70K for the
diode and for the PT100, respectively. Temperature measured by the diode was chosen
as the reference measurement. From room temperature, the system reaches a starting
temperature of 70 K approximately 20 min after starting the cool-down.

The 100 Q-resistors placed on the copper plate allow a power dissipation of approxi-
mately 9 W across the plate surface. This reduces the time needed to warm the system
from 70 K to 300 K to 45 min, rather than the 240 min it originally took (Fig. 3b).

Page 5 of 11
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Fig. 3 a The temperature monitored by the two temperature sensors (the diode and the Pt100) is
presented as function of time. b The temperature variation of the system as measured by the diode in the
presence and absence of heating elements. The temperature is measured every 10 ms

The RF response, i.e. the pcomp modulus of the HTS coil, was measured as a function
of frequency for temperatures ranging from 60 to 83 K at a fixed power of 3 x 107> W
(Fig. 4a) and for incident RF power values, varying from 3 x 10" °®W to 10" >W at T =
70K (Fig. 4b).

A variation of the resonance frequency (f; (60K) — f, (76K) = 0.1 MHz) is observed for
temperatures between 60 K and 76 K (Fig. 4a). For temperatures above 76 K, a widening
of the frequency response occurs. A shift of the resonance frequency is also observed
due to the change of the quality factor caused by resistance variation. The shape of the
frequency response is same for all temperatures. The frequency response is well fitted
by a Lorentzian function, allowing the determination of the quality factor of the coil. A
Q value of 30,000 was measured at 60 K. Figure 4b shows that an increase in power
leads to a deformed response of the coil and a decrease in the magnitude of the reflec-
tion coefficient. At high incident power (63 x 10~ > W), a slight shift is observed in fre-
quency (approximately 0.01 MHz between 3 x 10> W and 63 x 10”2 W), along with a
substantial decrease of the reflection coefficient.

Power in W
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Fig. 4 The RF response of the HTS coil as a function of frequency (a) for different temperatures varying from 60 K
t0 83K at 3x 107> W, and (b) for different incident power values (from 3 x 107> W to 63x 1072 W) at 70K
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Figure 5 shows the temperature dependence of the normalized Q-factor (Q/Q(60 K))
at 3x 107> W, as extracted from the results displayed in Fig. 4. The dependence of the
normalized resonance frequency fo(7)/fo(60K) at the same power as function of
temperature is displayed (in Fig. 5, circles). At 67 MHz and 77 K, the measured Q-factor
was approximately 25,000; the same value was obtained at the same temperature in
LN2.

When the temperature increases, we observe a reduction of both the resonance fre-
quency and the quality factor. As the temperature approaches the critical temperature
of the HTS material, both Q and f;, change more rapidly. This is due to decreases in
the superfluid density, which lead to an increase in the equivalent resistance of the coil.

This experimental set-up was used to reproduce an MRI sequence in terms of power
level and RF time application. First, an RF pulse with incident power ranging from
10" W to 0.6 W was applied for 11 ms to mimic the RF pulses used during spin excita-
tion. Two examples of power values, 10> W or 0.6 W, are presented in Fig. 6. Next,
low power pulses (10” > W) were applied for 8 ms to mimic the NMR signal amplitude
during reception. The switching between high and low resistance values occurs on a
time shorter than the minimum time resolution of the network analyzer which is 12 ps.
The resistance R of the HTS coil was extracted from the measured pcomp using the
method presented in [7]. Figure 7 shows the HTS coil surface resistance R; (in mQ/
mm?) values as a function of the RF incident power. The resistance value R; can be de-
creased from over 400 pQ/mm? to 200 uQ/mm? in less than 12 s.

Discussion

This cryostat is designed to accommodate different configurations and sizes of HTS
coils, and enables users to control vacuum, temperature and power output throughout
the experiment. It also ensures a short time to cool and heat the system (20 and 45 min
respectively) compared to the time required for other types of cryogen-free cryostats,
which can be in excess of 5h [25, 26]. This rapidity makes it possible to evaluate sev-
eral sensors in a short time. Temperature measurement is provided by the diode with a

precision of approximately 3 mK at 70 K. The power dissipation in the Pt100 sensor

101+ + + +1.000
. +
. +
. +
0.8 1 o +0.995
-
+

— . —
= =

o 061 r0.990
e 2
g | &
b 0.4 + +0.985 I:
g oo
«2

0.2 -0.980

-Ii- norrr:ahzed QI . ; narrnaii;fed frequlency | . 0 L 0.975

60.0 62.5 65.0 67.5 70.0 725 75.0 77.5 80.0
Temerature in K
Fig. 5 Dependence of the normalized Q-factor (cross marker) and of the normalized resonance frequency
fo(T)/fo(60K) (circles) as a function of the temperature probed by the diode
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caused Joule heating that amounted to a dissipation of 1.5 x 107> W, while the diode
sensor dissipated 10™> W. A minimum cryocooler cooling power of 4 W is required to
achieve a cold tip temperature of 60 K. It can be assumed that Joule heating from the
temperature sensors is negligible.

The observed behavior of the normalized fy(T) (fo(7)/fo(60 K)) and Q-factor (Q(T)/
Q(60K)) is similar to previous measurements reported in [19] using a similar coil with
an LN2 cryostat combined with a vacuum pump. Nevertheless, the latter technique is
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not easy to implement and makes difficult to obtain a stable temperature. This makes
the electrical behavior of the HTS coil unstable, which has electrical properties that are
temperature dependent.

The measurements of the resonance frequency as a function of temperature (Fig. 5)
show that the HTS coil could be fine-tuned through temperature control [27]. This
method can replace previously reported tuning methods for HTS coils that present sev-
eral disadvantages. Tuning by inductive coupling of HTS coil to a closed copper loop
[15] may degrade the quality factor of the HTS coil and lead to an increase of its reson-
ance frequency [28]. Tuning by placing a dielectric pad on the surface of the HTS coil
can only decrease the resonance frequency [29], and may also cause additional losses,
depending on the dielectric material used.

The extracted R values at 64 MHz support the results presented in [5] at 100 MHz.
This study found that the transition between two different values of R, corresponding
to low and high incident power level, is achieved in less than 12 ps, which is two orders
of magnitude lower than the transition time between RF transmission and reception
steps in MRI sequences. This is could be used to passively decouple the HTS coil dur-
ing RF transmission (high incident power involved), yet use the coil during RF recep-
tion (low incident power involved) [30]. Thus, homogeneous excitation could be
achieved by using a separate volume coil for RF transmission. Finally, this system per-
mits the study of different resonator geometries to identify the most suitable designs to
sufficiently increase Ry at high power level, while maintaining a low R, at low power
level.

Conclusion

This paper describes the development and validation of a custom-made low-cost cryo-
stat for the characterization of the nonlinear response of HTS coils as a function of in-
cident RF power, at working temperatures ranging between 60 and 300K. The
determination of HTS coil RF properties is essential to understand coil behavior during
MRI experiments. We have demonstrated that the resistance Ry of the HTS coil
changes as a function of the incident power level, and the transition time is achieved in
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less than 12 ps. This may be used as a passive decoupling method for HTS coil. Future
work will focus on the combination of RF measurement and magneto-optical imaging
[31] to access the macroscopic (i.e. EM properties) and microscopic properties of the
HTS coil. This combination will allow for the in-depth characterization of the perform-
ance of HTS coils for a better understanding of the nonlinear behavior of HTS resistiv-
ity. The loadlock door of the cryostat presented in Fig. 1 allows for optical access, and
is therefore compatible with a magneto-optical set-up. Furthermore, the geometry of
the cryostat provides sufficient room for multiple HTS coils or large array of coils [32]
and makes it possible to implement an automated matching system for a reliable and a
precise adjustment of the coil matching [29].
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