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persistent-current switch to obtain the persistent-current mode. After a heat treatment, the whole coil was
installed in the SN2 chamber. During operation, the resultant total circuit resistance was estimated to be
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Abstract
We report the fabrication of a magnesium diboride (MgB2) coil and evaluate its persistentmode operation in a system cooled by a cryocooler with solid nitrogen (SN2) as a cooling
medium. The main purpose of SN2 was to increase enthalpy of the cold mass. For this work,
an in-situ processed carbon-doped MgB2 wire was used. The coil was wound on a stainless
steel former in a single layer (22 turns), with an inner diameter of 109 mm and height of 20
mm without any insulation. The two ends of the coil were then joined to make a persistentcurrent switch to obtain the persistent-current mode. After a heat treatment, the whole coil
was installed in the SN2 chamber. During operation, the resultant total circuit resistance was
estimated to be <7.4 × 10-14 Ω at 19.5 K ± 1.5 K, which meets the technical requirement for
magnetic resonance imaging application.
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Introduction
Physicians and surgeons rely critically on magnetic resonance imaging (MRI) scans to
diagnose and treat critical injuries and medical conditions. In an MRI system, high, stable
(<0.1 ppm h-1), and uniform (≤10 ppm in 50 cm diameter of spherical volume (DSV))
magnetic fields are required for obtaining high resolution images of the human body. The
unique possibilities for operation of superconducting magnets (i.e., persistent-mode) make
them ideal for MRI with a central field strength >0.35 T [1]. Thus, in the majority of
commercially available MRI systems, superconducting persistent-magnets based on niobium
titanium (Nb-Ti) have been used [2]. These magnets, which are cooled in an expensive liquid
helium (LHe) bath at 4.2 K, cannot currently be avoided. Thus, the high operation costs of
MRI systems obstruct their extensive use in developing and underdeveloped countries [3].
To fulfil the above requirements, the magnesium diboride (MgB2) magnet, which can be
operated at around 20 K in an LHe-free manner, is considered as one of the best potential
candidates for next-generation MRI application [4, 5]. It has been reported that the heat
capacity of MgB2 magnets can be significantly enhanced by cooling them using solid
nitrogen (SN2) with a cryocooler [6]. The high heat capacity of SN2 is well known to enable a
magnet to operate for a certain time period in the absence of a cooling source (i.e.,
cryocooler) [7], which is suitable for areas where power failure is common. Takahashi et al
reported the first successful persistent-mode coil with joints between MgB2 and Nb-Ti wires
[8]. Jiayin et al reported the operating results for MgB2 persistent-mode coils in a helium
environment [9]. Nardelli et al also reported on persistent-mode operation with a short
MgB2 tape winding operating with conduction cooling [10]. Until now, however, there have
been no reports on persistent-mode operation in an SN2 cooled system with an MgB2 coil.
In this paper, the fabrication of an MgB2 coil and its persistent-current switch (PCS), a
newly developed SN2 cooling system, and the operation of the coil in persistent-mode are
presented in detail.

Experimental details
Hyper Tech Research Inc. supplied monofilamentary carbon-doped MgB2 wire (strand no.
3356) for the coil. The wire was 0.84 mm in diameter, constructed with an MgB2 filament
(diameter – 0.4 mm), a niobium inner barrier (thickness - 0.10 mm) and a Monel outer

sheath (thickness - 0.12 mm). Figure 1(a) presents a digital photograph of the coil, which
was fabricated via the wind and react method with a heat treatment at 690 °C for 30 min in
argon (Ar) atmosphere. The whole coil was assembled with the main MgB2 coil at the
bottom and the PCS at the top. The PCS was made by extending the two ends of the coil and
joining them together. The diameter of the PCS was 113.5 mm with two non-inductively
wound turns, and its estimated wire resistance ~7.1 mΩ m-1 at 40 K. The inner diameter and
the height of the coil were 109 mm and 20 mm, respectively. The coil was wound in a single
layer (22 turns) without any insulation. The calculated inductance of the coil was 86.7 ± 0.02
µH [11].
The joining process developed at the University of Wollongong include [12]: (i) etching
the Monel from the area of the wires to be joined, (ii) polishing the ends of the two wires
until the MgB2 core was exposed, (iii) aligning the two wires together using glue, (iv)
mounting the two wires in a stainless steel (SS) enclosure using a high temperature sealing
material, (v) packing the Mg + 2B composite powder in the SS enclosure in Ar atmosphere,
(vi) pressing the powder using SS plug, and (vii) sealing the remaining gaps using a high
temperature sealing material.

Figure 1. (a) Digital photograph of the fabricated coil after heat treatment, (b) top view of
the coil after applying Stycast® 2850 FT (Catalyst 9) epoxy.
To charge the current into the main coil, the PCS was needed to be heated up to resistive
state. This was achieved using a 47 Ω Nichrome heater (Lakeshore, 32 AWG) wound on the
PCS. Copper (Cu) current leads were installed between the PCS and the coil. Three pairs of

voltage taps were attached, one each from the coil, the PCS, and the joint, to monitor the
voltage drops during charging of the coil. A top view of the coil after applying epoxy
encapsulant Stycast® is shown in figure 1(b).

Figure 2. (a) Photograph of the installed coil in the SN2 chamber, with a 3D model of the Hall
probe location (the centre of the coil at z = 0) shown in the inset; (b) schematic diagram of
the temperature sensor locations (TC1 – at the top of the SN2 chamber (inside), TC2 – at the
centre, between the coil and the PCS, TC3 – at the coil winding, TC4 – on top of the SN2
chamber near the current lead tube, TC5 –100 mm below the top collar of the SN2 chamber,
TC – 6, at the bottom of the Cu bar below the cryocooler, TC7 – at the PCS); (c) 3D model of
the SN2 cooling system, and (d) photograph of the experimental set-up.
Figure 2(a) shows the coil installed in the SN2 chamber. Prior to installing the whole coil in
the SN2 chamber, the PCS was covered with expanded polyethylene (EPE) foam to enable
easy temperature control under the SN2 for charging the coil. A Hall probe with 0.1 G
sensitivity was installed at the centre of the coil to detect the magnetic field (B) generated
by the coil (figure 2(a) inset). Seven cryogenic temperature sensors were also installed to
monitor the temperatures of the SN2 chamber and the coil, as shown in figure 2(b). Figure
2(c) shows a three-dimensional (3D) model of the SN2 cooling system. The GiffordMcMahon two-stage cryocooler (Sumitomo, RDK-408D2) was used in the cooling system
featuring 1st stage cooling capacity of 40 W at 43 K and 2nd stage of 1 W at 4.2 K. Figure 2(d)
shows the assembled SN2 cooling system.

Results and discussion
To cool down the coil in SN2, the system was first evacuated using a turbo vacuum pump
(figure 2(d)). The SN2 chamber was mechanically sealed using indium wire. A vacuum of <2 ×
10-6 torr in the system was achieved, and then liquid nitrogen (LN2) was introduced into the
SN2 chamber. When the temperature at TC6, as shown in figure 2(b), reached 280 K, the
cryocooler was switched on. The purpose of the early switching on of the cryocooler was to
avoid the rapid evaporation of LN2. Once the SN2 chamber was fully filled with LN2, both the
inlet and the outlet were closed, and a non-return valve was installed. The temperature of
the radiation shield remained at 36 K throughout the experiment.
Figure 3 shows the temperature profiles of the SN2 chamber during the system cool
down. The total volume of SN2 in the chamber was about 16 L. It took about 4.56 days to
reach the minimum temperature of 7.2 K in the SN2 chamber, whereas the temperature on
the 2nd stage of the cryocooler reached 4.85 K. Liquid to solid, and solid to solid phase
transitions were observed at ~63 K, and ~35.6 K, respectively. The level of the SN2 in the
chamber reached up to the radiation shield flange (see figure 2(c)). Thus, additional heat
conduction was taking place from the SN2 in the current lead and the SN2 in the tubes
running into and out of the chamber. This might have prevented the SN 2 chamber from
cooling down to the cryocooler 2nd stage temperature. The temperature inside the SN2
chamber remained uniform at around 7.4 K ± 0.2 K. However, the temperatures at the TC4
and TC5 locations were around 11.1 K and 10.2 K, respectively. This clearly indicates the
high conductive heat load from the current lead tube (with SN2) to the SN2 chamber. In fact,
prior to fabricating this system, our finite element method (FEM) simulation predicted
similar behaviour even without SN2 in the current lead tube. The temperature gradient
might be due to the lower thermal conductivity of the SS material of the SN 2 chamber.
Owing to this, the cryocooler was unable to absorb heat from the far end of the SN 2
chamber. Thus, a 3 mm thick Cu flange was placed on the top of the SN 2 chamber (see figure.
2(c)). As a result, the FEM simulation showed a negligible temperature gradient after
installing the Cu flange on top of the SN2 chamber.
However, during actual cool down, due to the high conductive heat load through the SN 2
in the current lead tube, the cryocooler (when at 4.85 K) was unable to absorb heat from
the far end of the SN2 chamber, which left a temperature gradient on top of the SN 2

chamber. On the other hand, when the temperature of the SN 2 chamber was controlled to
around 18 K, the temperature gradient in entire SN2 chamber was reduced to ~1.75 K (not
shown here), which indicates that the Cu flange facilitated better heat conduction to the
cryocooler.

Figure 3. Temperature vs. time profiles during cool down of the SN 2 chamber.

Figure 4. (a) Temperature vs. time profile during open/closed operation of PCS, TC3 – at the
coil winding, TC7 – at the PCS, and (b) voltage and magnetic field vs. current profiles while
charging the coil when the PCS was open.

PCS testing
The on/off function of the PCS was evaluated at the PCS temperature of 11.3 K. As can be
seen in figure 4(a), the PCS reached 45 K in 600 s. The heater power was 3 W. Once the PCS
temperature climbed above 45 K, the coil was charged with a ramp rate of 0.1 A s-1 up to 10
A. As can be seen in the figure 4(b), B at the centre of the coil was increasing linearly with
the current. At 10 A, the B at the centre of the coil was 27 gauss (G), which matched the
calculated value of 24.8 G. The variation in B might be due to misalignment of the Hall probe.
During current charging, the inductive voltage was about 8.17 ± 0.12 µV, which is
comparable to the 81.7 ± 1.2 µH inductance of the coil. This value is well matched with the
calculated inductance of 86.7 ± 0.02 µH. After reaching 10 A, the PCS heater was switched
off. It took about 1480 s to cool down the PCS. The reasons for the longer PCS cool down
time might be due to over-protection of the PCS, contact between the SN2 and the PCS
(solid phase transition can be seen in figure 4(a)), and lower thermal conduction through the
SS bars (see figure 1) from the surroundings to cool the PCS back down to the initial
temperature.

Figure 5. Measurements when the coil was put into persistent-mode at 100 A: (a)
temperature vs. time (Coil and PCS) profiles, TC3 – at the coil winding, TC7 – at the PCS, (b)

current and magnetic field vs. time profiles (inset: magnified plot of the current vs. time plot
while discharging the PS (coil magnetic field was converted to current)).
Persistent-mode coil testing at 100 A
The temperature of the coil and the PCS was fixed at around 18 K prior to charging the
coil. As can be seen in figure 5(a), firstly, the temperature of the PCS was increased above 45
K, and the coil was charged to 100 A with a ramp rate of 0.5 A s-1 (figure 5(b)). As can be
seen in figure 5(b), we waited for about 140 s and confirmed the coil constant prior to
switching off the PCS heater. It took about 3000 s to cool down the PCS. The enthalpy of the
material increases at high temperature [11], thus the PCS cooling time was longer at 18 K
compare to PCS cooling time at 11.3 K during PCS testing at 10 A. Then, the power supply
(PS) was discharged with a ramp-down rate of 0.5 A s-1. To check the initial decay generated
by the coil while discharging the PS current, the B in the coil was converted to current using
the coil constant. The inset in figure 5(b) shows the magnified profiles of the current vs.
time while discharging the PS. Herein, the coil current initially decayed by about 0.7 A, and
then remained stable at 99.3 A. Decay in the current showed exponential behaviour. The
initial decay might be due to the phenomenon of ‘settling’ of current in closed
superconducting circuit [13].
As a result, the coil was kept in the persistent-current mode for about 4.75 days. Figure
6(a) and (b) shows the B and temperature profiles in the coil for the entire persistent-mode
duration. In figure 6(a), B was observed to remain around 268.4 G with ± 0.1 G fluctuation,
but without any noticeable decay within the resolution limit of a gauss meter. This
fluctuation might be due to the data acquisition instrument. During persistent-mode
operation, the joint experienced only self-field with very small influence (2.5 G) from the
main coil. The temperature of the coil and the PCS was then increased up to 21 K and 20.6 K,
respectively (figure 6(b)). If we consider 0.1 G (resolution limit) decay of B in the coil in 4.75
days, the calculated total circuit resistance would be <7.4 × 10-14 Ω at 19.5 K ± 1.5 K. The B
line calculated from the RL circuit time constant corresponding to the minimum measurable
resistance of 7.4 × 10-14 Ω over the 4.75 days is also included in figure 6(a). We further need
to consider the effect of n-value, indicating a joint quality. It has been reported that the
circuit resistance strongly depends on the n-value and joint resistance [11]. Especially, low

n-values make the persistent-mode impossible [14]. Later, the PCS was charged to 200 A
without any quench at 20 K. During the attempt to charge the coil to 200 A, a quench
occurred when the charging current was 183 A, which damaged the coil. This incident
prevented us from carrying out any further experiments. Moreover, in future test, we will
implement quench protection system in the experiment to avoid damage to the coil while
charging at the higher current.

Figure 6. Measurements after putting the coil into persistent-mode: (a) magnetic field vs.
time profile of the coil including B line calculated from RL circuit time constant, and (b)
temperature vs. time (Coil and PCS, TC3 – at the coil winding, TC7 – at the PCS).

Conclusion
The MgB2 coil and the PCS were successfully fabricated through a superconducting-joint
technique, and the persistent-current mode of the system was evaluated with SN2 cooling
and a 100 A operating current. The total circuit resistance was estimated to be <7.4 × 10-14 Ω
at 19.5 K ± 1.5 K, in the coil during reasonably long-term persistent-mode operation for 4.75
days. This performance is comparable to the technical requirement for practical MRI

application. This joining technique will be further optimized for multifilament MgB 2
conductors in the near future.
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