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Static field homogeneity artefacts due to magnetic flux expulsion by HTS coils for highresolution magnetic resonance imaging

High-Temperature Superconducting (HTS) radiofrequency coils can greatly improve the sensitivity of Magnetic Resonance Imaging (MRI), with Signal to Noise Ratios (SNR) increased by up to 16 times. However, as homogeneity of the static field B 0 is a major condition for MR acquisitions, their propensity to warp the magnetic field in their vicinity (Rev2-Typos) as a result of magnetic flux expulsion could cause severe image degradation. In this letter, we report on the first observation of artefacts generated by magnetic flux expulsion from a HTS coil. To that end, we acquired MR images of a water sample in the vicinity of a non-resonant HTS coil for different cooling conditions. These are zero field cooling as well as field cooling of the coil inside a clinical MRI bore magnet of 1.5 T, for a range of working temperatures of the HTS coil. After zero-field cooling, we observed significant artefacts in the MR images, increasing with lower temperature; images acquired after field cooling did not display these alterations. We propose a phenomenological model for the magnetic field disturbance induced by the HTS coil. This model reproduces, in good agreement with the experiments, the phase distortion observed in the MR images and allows one to extract the critical current density of the HTS coil, an important technological parameter of superconductors. Finally, we discuss the necessity of field cooling as a way to avoid these B 0 inhomogeneity artefacts.

High-Temperature Superconductors (HTS) are promising candidates for the development of a new generation of highly sensitive cryogenic radiofrequency (RF) coils for applications in high resolution (< 100 m) Magnetic Resonance Imaging (MRI). Their low electric resistance combined with a low working temperature of about 70 K ensure electric noise levels unattainable with traditional materials such as copper [START_REF] Darrasse | Perspectives with cryogenic rf probes in biomedical MRI[END_REF] . In the context of MRI, when the RF coil electric noise dominates the other noise sources such as sample magnetism, i.e. when non-conductive samples are probed with small (~10 mm) surface antennas, images acquired with a HTS coil at about 80 K can display signal-to-noise ratios (SNR) of up to 16 times that of similar images acquired with room temperature copper coils [START_REF] Poirier-Quinot | Performance of a miniature high-temperature superconducting (hts) surface coil for in vivo microimaging of the mouse in a standard 1.5 T clinical whole-body scanner[END_REF] .

Since the first HTS surface coils for MRI devised by Black et al. in 1993 3 , this technology has never quite succeeded in getting through the infamous valley of death. This is because two major technical issues had to be resolved. First, the technology for reliable low-noise MRIcompatible cryostats had to be developed. This has been achieved by implementing recent commercial pulse-tube cryocoolers, as proposed by Saniour et al [START_REF] Saniour | A temperature-controlled cryogen free cryostat integrated with transceiver-mode superconducting coil for high-resolution magnetic resonance imaging[END_REF] . Second, decoupling strategies had to be devised to minimize RF field homogeneity (B1-) artefacts in MR images, such as large-scale signal amplitude modulations and localized -phase shifts. A promising strategy has been to exploit nonlinearities in the HTS coil response to achieve decoupling [START_REF] Saniour | Novel passive decoupling approach for high resolution HTS rf coils based on the nonlinear electrical properties of superconductors[END_REF] .

A possible complication of using superconductors for MRI coils is the static field (B0) inhomogeneity induced by dc magnetic flux expulsion. In the presence of a magnetic field, the superconductor generates screening currents on its surfaces/edges, of magnitude and distribution such that the flux density in its interior vanishes. These currents flow in a thin surface sheet of thickness  -the London penetration depth -or, if the superconductor is thinner than 2, through the entire thickness of the material. In type-II superconductorswhich include all HTS materials -magnetic flux is partially re-admitted in the form of quantized magnetic flux lines or "vortices" 6 when the applied field exceeds the first critical field Bc1. The vortex (flux) distribution in the material strongly depends on the temperature and the magnetic history of the superconductor, notably whether it was zero-field cooled ZFC (i.e. in Earth's field) or not. Hence, type-II superconductors have hysteretic magnetic properties, and may display perfect or imperfect diamagnetism depending on the circumstance.

The total or partial flux exclusion and the concomitant concentration of field lines around the HTS coil perimeter is expected to result in dc field inhomogeneity artefacts, or "B 0 artefacts", in MR images. These include image deformation, localized signal loss and continuous phase shifts. So far, HTS coils have been used in liquid nitrogen at temperatures close to T c with disregard to the cooling conditions, fortuitously avoiding such artefacts (Rev2-Q1). However, with better-controlled experimental parameters and new cryostats achieving lower temperatures, vortex penetration in HTS coils is incomplete at standard clinical imaging fields of 1.5 T and higher. Then, this becomes an issue.

In this letter, we report on the first observation of B0 artefacts generated by HTS coil diamagnetism in MR images. We study these effects as a function of temperature and for different cooling conditions. A practical way to observe the B0 inhomogeneities while avoiding B 1 artefacts is to use a non-resonant HTS coil. In this configuration, a standard copper volume coil, commonly named ''whole-body coil'', is used to generate and collect the MR signal while the HTS coil has no active role in the MRI experiment. In addition to the experimental observation of B0 artefacts, we also propose a simple phenomenological model reproducing the artefacts observed in the phase images. Finally, we define a set of experimental conditions under which they can be avoided or minimized.

The equipment used in this experiment is shown in Figure 1; the reference coordinate system is displayed in Figure 1d. The cryostat is a MRI compatible and cryogen-free vacuum chamber that uses a pulse-tube cryocooler (PT60, Cryomech, USA) and conductive heat transfer to attain a minimal temperature of ~ 60 K at the coil position. Temperature readings are performed with a sensor (Pt100) located on a sapphire slate that supports the HTS coil (Figure 1b). The whole system is fully described by Saniour et al. The MRI system is a clinical 1.5 T set-up (Philips, The Netherlands) with a 60 cm bore diameter (Rev2-Q3) and the static magnetic field B 0 oriented along z. A whole-body RF coil was used for both transmission and reception, and the MRI sequence was a standard 3D gradient-echo with the following parameters: Echo Time (TE) / Repetition Time = 5/20 ms, flip angle=50°, spatial resolution = 1.0  0.5  0.5 mm 3 , Field of View = 50  100  100 mm 3 , pixel receiver bandwidth = 439 Hz/pixel, readout gradient towards the y-axis, number of acquisitions = 2, total acquisition time = 6'35". The imaging sample is a cylindrical phantom of diameter 50 mm filled with a 20 ml solution of water with a gadolinium-based contrast agent (T1=20 ms). The phantom was sealed with a latex membrane and positioned upsidedown on top of the cryostat, centred on the position of the HTS coil (Figure 1a). The latter is located on a sapphire slate directly beneath the cryostat inner surface (Figure 1b), ~1.7 mm away from the bottom of the phantom.

The coil design is a multi-turn Transmission Line Resonator 7 (MTLR). The dielectric is a 330 m-thick Al2O3 substrate initially covered on both sides by a 300 nm-thick YBa2Cu3O7- film made by Ceraco GmbH (Ismaning, Germany), with a critical temperature Tc = 87 K, a critical current density jc = 3.0 MA/cm 2 (as measured at T = 77 K and zero applied field) and a low temperature in-plane London penetration depth 8 ab = 200 nm. On each side, a 200 μm-wide six-turn spiral 200 μm-wide transmission line was fashioned by etching. The spacing between each turn is 150 μm (Rev2-Q3), and the coil inner and outer diameters are, respectively, 10.9 mm and 14.4 mm. This design leads to HTS coils resonating close to 63.898 MHz, the proton frequency at 1.5 T. For this experiment, we used a non-resonant antenna, the transmission line being interrupted by a fracture line as in Figure 1c. Thus, B1 artefacts are avoided since there is no RF coupling between the non-resonant HTS coil and the RF volume body-coil. In addition, this particular geometry does not alter the diamagnetic response of the HTS material.

(Rev2-Q2) 3D MR images were acquired for various experimental conditions. For zero-field cooling, starting from T > Tc, the cryostat was cooled down to 60 K outside the MRI scanner and then inserted into the magnet. During this procedure, the surface normal to the HTS coil was kept perpendicular to B0 (along y). For field cooling, starting from T > Tc, the cryostat was kept inside the MRI scanner during cooling procedure. Finally, diamagnetic effects were evaluated as function of temperature varying from 60 K to 90 K, turning off the cold head compressor.

Temperature monitoring was performed between acquisitions, and the temperature variation over the course of an acquisition (6'35") was ~ 4.2 K.

In Figure 2, we present three sets of reference images for magnitude (top row) and phase (bottom row). The phase data are displayed using a cyclic colour map to avoid discontinuities caused by phase wrapping (transition from 2 to 0). Each image is displayed in three standard The phantom images in Figure 2(a-b) were acquired at 90 K, with the HTS material in its resistive state. Although no artefact can be seen in the magnitude image (a), a slow variation of the background phase is observed. The B0 inhomogeneities at the origin of this variation are induced by experimental conditions unrelated to the HTS diamagnetism and can be removed by subtracting this initial phase map from all subsequent phase images.

The images in Figures 2(c-d) were acquired after zero-field cooling at 58 K. We observe signal loss in the magnitude image and important perturbations in the phase image. These anisotropic artefacts have the same characteristic dimensions as the antenna (~ 17 mm) and they increase in magnitude as the antenna is approached. They are minimal in the transverse plane ( B0) and maximal in the sagittal plane (|| B0).

The images in Figures 2(e-f) were acquired after field cooling to 58 K. They were obtained with only one average instead of two, explaining the lower SNR. Nevertheless, the SNR remains adequate to analyse the data over the volume of the sample.

In Figure 3, we present the results of the temperature study after zero-field cooling. The phase data were unwrapped using the algorithm developed by Abdul-Rahman et al 9 , resolving the 2 phase jumps in the images. As can be observed, the B0 artefacts show a strong dependence on temperature. The shape and size of the perturbation do not change, but its scale is continuously reduced as the temperature increases, up to the point where it becomes almost unnoticeable at 74 K (Figure 3e) and nonexistent at T > 80 K (Figure 3f). The B0 artefacts observed in the phase images can be reproduced with a simple phenomenological model of the diamagnetism of the HTS coil. The latter is a six-turn spiral without closed loops, with the normal to the surface oriented along y  B0. All six turns are interrupted as illustrated in Figure 1c. There are two scenarios for the looping of the screening currents in the superconductor. (1) In the case of perfect alignment, parallel magnetic flux would penetrate the coil sections initially from the lateral edge, tangent to B0. This would entail screening currents wrapping around the coil upper and lower surfaces, closed by perpendicular edge currents; the magnitude of the latter is determined by the (low) c-axis critical current density of the YBCO material [START_REF] Gutierrez | Vortex dynamics in thin films of YBa2Cu3O7-x with three-dimensional nanoscale patterns[END_REF] . At the B 0 value at stake (1.5 T), the entire film would be permeated by parallel flux, and no effect would be observable. Moreover, the (epitaxial) HTS film would have to be thicker than 2nm) for the screening current to fully develop in the coil. We are therefore led to assume a small but inevitable misalignment θ of the HTS coil, so that ΔB z TL is the variation of the local induction generated as a result of the (partial) expulsion of the static field component B 0 sin θ perpendicular to the transmission line (Rev1-Q2; Rev2-Q6). Then, perpendicular magnetic flux seeks to pass through the superconducting track composing the coil, a process opposed by in-plane screening currents circulating around the coil perimeter. We surmise that these are at the origin of the B0 inhomogeneities.

To calculate the magnetic fieldΔB generated by the screening current loop circulating in each section, we neglect the closure current at the section end points. Thus, the six spiral sections are approximated as six concentric loops with the screening currents modelled as two countercirculating current filaments on the loop outer-and inner perimeters. The two filaments carry the same current I0, but in opposite directions. The total magnetic field generated by unit current Δb = ΔB/I0 is the sum of the fields generated by the individual filaments in both spirals (Rev2.Q7). Magnetic field computations were carried out with Magpylib 11 .

In absence of B1 artefacts, the phase of the voxel at position r can be directly linked to the B0 inhomogeneities 11 :

(r,T) = TEI0(T)Δbz(r,r0) + 0(T) + r(T)r (1) 
where Δb z is the z-component of Δb, r0 is the position of the antenna relative to the sample that can be numerically optimized using a gradient descent algorithm,  is the gyromagnetic ratio of the proton, TE is the echo time, and 0, r = [x,yz] and I0 are fitting parameters determined by linear regression for each temperature (Rev1-Q3). The first term on the RHS of Equation ( 1) is derived from the expression of the Larmor frequency and represents the phase shift induced by ΔB, and the last two terms correspond to a first order correction of the phase data. This correction is justified since (1) the origin of the phase is arbitrarily defined, and (2) large-scale B 0 inhomogeneities caused by the MRI environment need to be accounted for.

The results of this model are shown in Figure 4. We present the field map Δbz in the 3 standard planes in Figure 4a. The field displays the same geometry as the artefacts observed in Figure 3. Notably, Δbz is null in the transverse plane and reaches its maximum in the sagittal plane, which results in the same two-crescent shape in the coronal plane.

In Figure 4b, we present the experimental and modelled phase images for three different temperatures. Simulation and experimental data are in good agreement. At 58 K, the field inhomogeneities caused by the HTS coil attain 6.6 ppm at the bottom of the phantom. This is to be compared with the inhomogeneity < 0.5 ppm over a 35-cm diameter spherical volume [START_REF] Levitt | Spin dynamics: basics of nuclear magnetic resonance[END_REF] of clinical MRI scanners. In our case, this generates a strong and localized field gradient of ~ 8 mT/m, inducing a phase drift of ~1.4 π over a single voxel, enough to locally extinguish the MR signal (Figure 2c). Concurrently, the coil misalignment is estimated as θ≳ 5•10 -4 π rad. Finally, we extract the current I0 as a function of T, which allows us to estimate the screening current density j in the YBa2Cu3O7- strip (Figure 4c). We find that j ~ 2.6 MA/cm 2 at 58 K decreasing to j ~ 0.4 MA/cm 2 at 77 K. This is very close to the in-plane critical current density of pristine YBa2Cu3O7- films when the magnetic field nearly aligned with the film plane [START_REF] Sierra | Superconducting Films of YBa 2 Cu 3 O 7-d Nanocomposites with Embedded BaZrO 3 , BaHfO 3 , BaTiO 3 and SrZrO 3 Nanocrystals[END_REF] . By consequence, we infer that Figure 4c tracks the temperature dependence of the HTS coil critical current density jc.

In our experimental results, we highlight the impact of the cooling conditions of the HTS coil on the image quality of MR images. The artefacts were significant at lower temperature, and did not appear for T > 80 K. Hence, the reason why these effects had not been reported before is that in previous experiments the temperature was not low enough; most experiments described in the literature have used liquid nitrogen cryostats with working temperatures between 77 K and 80 K, close to the Tc of superconducting material.

To avoid the artefacts linked to a lower working temperature, our results indicate the HTS coil should be field cooled, preferably at its working position and orientation, as a change B 0 will lead to irreversible magnetic flux expulsion or further flux penetration in the HTS material, and therefore to inhomogeneity artefacts. In the context of MRI, this implies frequent temperature cycling of the HTS coil to reset its magnetic history and avoid any B0 artefacts.

This should be done between patients or after a change in the geometry of the experiment.

Hence, this temperature cycling procedure must be reasonably fast, on the order of a few minutes at most. This requires a practical implementation involving quick, localized and uniform heating of the HTS coil. Such a heating system could work by radiative, resistive, or conductive heating but without any interference with the MRI experiment.

Simultaneously, the observed artefacts provide valuable information about the HTS coil. The measured phase maps represent the magnetic image of the coil, more commonly obtained by low-field (B < 0,2 T) techniques such as magneto-optic imaging (MOI) [START_REF] Minoru Uehara | Advances in magneto-optical imaging applied to rock magnetism and paleomagnetism", G 3[END_REF] . Here, we were able to image to coil in fields exceeding 1 T. The combination of the phase data with our phenomenological model allowed us to extract the superconductor's critical current density.

To conclude, we have studied how the magnetic flux expulsion of a superconducting coil affects the image quality in MRI. We observe that static field inhomogeneity B0 artefacts arise predominantly when working at low temperature and after zero-field cooling, causing important signal loss and phase perturbation in MR images. Through a simple phenomenological model of the HTS coil diamagnetism, we accurately reproduce the phase maps experimentally measured by MRI. We were also able to extract the temperature dependence of the critical current density of YBa2Cu3O7- , in good agreement with the constructor's values. Finally, we discussed different avenues of minimizing or avoiding these artefacts by either choosing to work at temperatures close to Tc, or by implementing a quick and efficient temperature cycling procedure of the HTS coil into the cryostat. This work studies and solves an important issue in the implementation of HTS coil, and provides better understanding of the experimental conditions required to obtain better images with this technology.
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FIG. 1 .

 1 FIG. 1. Experimental setup. (a) The phantom is on top of the cryostat and will be inserted in the bore of a 1.5 T MRI magnet. (b) View of the interior of the cryostat. (c) Schematic view of the non-resonant HTS coil with a fracture line. (d) Coordinate system of the experiment. The cryostat surface is in the xz-plane with B0 ‖ z. The three orthogonal xz, yz and xy planes represent, respectively, the coronal, sagittal and transverse planes.

  FIG. 2. Reference images obtained in presence of the HTS coil at (a,b) T = 90 K, and at T = 58 K after (c,d) zerofield cooling and (e,f) field cooling. Top row: magnitude images. Bottom row: phase images. In (d) and (f), the phase was corrected by subtracting the phase data of (b). The coronal slice (xz) is located ~ 4.2 mm above the HTS coil. The transverse (xy) and sagittal (yz) pass through the centre of the phantom.

FIG. 3 .

 3 FIG. 3. Unwrapped phase images in the coronal plane, 4.2 mm above the HTS coil, at different temperatures.

(

  Rev2-Q4) FIG. 4. Modelling of the HTS coil diamagnetism. (a) z-component of the static magnetic field map by unit of current B z =I 0 generated by the coil towards the three standard planes. For this representation, the coil is centered at (x, y, z) = (26, 26, 26) [mm] with its normal oriented towards the y-axis. (b) Comparison between the experimental and modelled phase images for three temperatures. (c) Estimated screening current I 0 normalized by half the 200 m  300 nm cross section of the YBa 2 Cu 3 O 7- strip as a function of temperature. Vertical error bars show a 95% confidence interval and horizontal error bars account for the 4.2 K temperature drift during acquisition.
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