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Abstract— This paper presents construction and persistent-
mode operation results of MgB2 coils for a 0.5-T/240-mm cold 
bore MRI magnet, wound-and-react with monofilament MgB2 
wire, at the MIT Francis Bitter Magnet Laboratory. The magnet, 
of respective inner and outer diameters of 276 and 290 mm and a 
total height of 460 mm, has center field of 0.5 T and current 
density of 11 kA/cm2. To limit the continuous length of Hyper 
Tech supplied MgB2 monofilament wire to ≤300 m, the magnet 
was divided into 8 series-connected coils, each equipped with a 
persistent current switch (PCS) and a superconducting joint. We 
have manufactured 3 coil modules. Before tested as an assembly, 
each coil was tested individually to ensure its capacity to carry 
100-A superconducting current in the range 10-15 K. The 3 coils 
were then assembled, connected in series, and operated as a 3-coil 
assembly in persistent mode at nearly 100 A in the range 10-15 K. 
We present results that include: 1) construction details; 2) 
component performances; and 3) a 3-coil assembly performance. 
  

Index Terms—MgB2, MRI, persistent-mode, superconducting 
joint 
 

I. INTRODUCTION 
EDICAL IMAGING is critical for quality health care for 
early detection and efficient treatment of disease and 

injury. Magnetic resonance imaging (MRI) has become one of 
the major noninvasive diagnostic imaging tools today. The 
annual $5-billion market [1] drives the magnet engineer to 
develop advanced and innovative, high-quality, low-cost, 
easy-to-operate MRI magnets. 

Because superconductors carry much higher current density 
than copper while generating no Joule heat, they are the ideal 
choice for >0.5-T MRI magnets. A low-temperature 
superconductor of NbTi (critical temperature 9.8 K) stands out 
among other superconductors because of its good mechanical 
and electrical properties and low manufacturing cost [2]. Since 
the MRI magnet became available in the 1970s, all 
commercial superconducting MRI magnets have been wound 
with NbTi wire and most of them are operated in helium bath 
at 4.2 K [3]. 
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Nowadays, the sharply increasing price of helium has 
opened a new opportunity for other design options, e.g., a 
superconductor that is more easily adoptable than NbTi to 
liquid-helium-free MRI magnets. Discovered in 2001, a new 
high-temperature superconductor of magnesium diboride 
(MgB2) with a critical temperature of 39 K has spurred 
intensive R&D effort [4]-[6]. For applications below ~3 T, a 
combination of high critical temperature, low manufacturing 
cost, and good in-field performance makes it a viable and 
promising competitor to NbTi. 

The higher critical temperature allows MgB2 magnets for 
operation in the 10-20 K range. Furthermore, in the range 10-
15 K, the metal enthalpy densities are nearly 100 times greater 
than those in the range 4.2-5 K, resulting in a greater energy 
margin, and hence enhanced magnet stability against 
premature quenches that still afflict some NbTi MRI magnets. 

Completion of an on-going 0.5-T/240-mm cold bore MgB2 
MRI magnet project at the MIT Francis Bitter Magnet Lab 
may be considered as a major milestone in the MgB2 MRI 
magnet technology. It is expected to promote further R&D 
work in this technology, and ultimately to proliferation of the 
MgB2 MRI magnet in the near future. 

II. MAGNET CONSTRUCTION 
A. MgB2 Conductor 
The magnet was wound with monofilament MgB2 wire, 

manufactured by Hyper Tech Research Inc. (Columbus, OH). 
The wire has diameters of 0.84 mm (bare) and 1 mm (S-glass 
insulation). Outside the superconducting core, it has from 
inner to outer a niobium layer, a copper layer and a Monel 
layer. Of the entire cross-section of the wire, MgB2 and Cu 
occupy, respectively, 12% and 35%. The monofilament wire 
has been proved to be flux-jump-free with both short sample 
measurement and coil experiment [7]. 

B. Coil-Module Approach 
The magnet comprises 8 coil modules. We adopted this 8-

coil formation chiefly to minimize the risk involved in each 
fabrication process step, starting with the wire itself [8]. Each 
coil module contains ≤300-m long wire, which was wound 
onto a stainless steel mandrel. A piece of stainless steel sheet 
was installed outside the coil to secure the persistent current 
switch (PCS) and the superconducting joint. The coil-PCS-
joint assembly was then heat-treated before all the floating 
parts were epoxied to the perforated sheet for mechanical 
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integrity. We put 25-mm-thick Styrofoam pieces around the 
PCS, with Stycast sealing, to thermally insulate the PCS. 

C. Magnet Assembly 
The coil modules are electrically connected in series with 

jumpers. For easy inter-coil connection, a length of the lead 
wires was attached to the perforated sheet, soldered to copper 
strips, as shown in Fig. 1. In persistent-mode operation, there 
will be no current flowing through the jumpers, so the 
resistance of the jumpers does not affect the persistent current. 
The PCS’s are staggered to avoid interference. 

III. SUPERCONDUCTING JOINT 
The superconducting joints are made with MgB2 

monofilament unreacted wires, manufactured by Hyper Tech. 
The basic approach is to insert two wire terminals—etched by 
nitric acid to remove monel and copper—into mixed powder 
of magnesium and boron, compress the powder, and seal the 
gaps and openings with putty. 

A. Key Manufacturing Issues 
We have identified a few key issues that affect the 

performance of the superconducting joints. 
Copper contamination. We found that copper contaminates 

the reaction of magnesium and boron, so we should keep 
copper away from the reaction site. Our recent results show 
that copper does not affect further than 3 mm. In our joint, the 
reaction site was ~3 mm away from the etched edge of copper 
layer in the wire, which does not seem to degrade the Ic. 

Compressing pressure. The pressure to compress the 
powder does not need to be very high; we used ~300 MPa to 
pack the powder, just making powder compact. 

Heat-treatment pressure. It is important to maintain a 
positive pressure during heat-treatment to prevent the 
magnesium vapor escaping from the joint. We kept, with 
argon, a positive pressure of 35 kPa during the entire heat-
treatment, which is believed enough. 

B. Small-Loop Test 
Because the resistance of a superconducting joint is usually 

too small to be measured with four-probe method, we built a 
small loop and measured the decay of the field to determine 
the resistance of the joint. 

The small loop was charged to ~75 A at 5 K. It warmed up 

slowly in gas helium until quenched at 25 K. During 8-15 K, 
the loop kept a persistent current of 74.6 A without any 
observable decay, as shown in Fig. 2. Since the loop had an 
inductance of 3×10-5 H, the calculated loop resistance was 
then <3×10-12 Ω, indicating a good superconducting joint. 

IV. PERSISTENT CURRENT SWITCH 
The persistent current switch (PCS) was wound with the 

same strand of wire onto a stainless steel bobbin with the inner 
diameter of 50 mm. The PCS has 4 layers with 16 turns in 
each layer, of a total wire length ~10 m. Two heaters, a main 
and a backup, were wound on the side of the PCS and sealed 
in the Styrofoam jacket together with the PCS. Two 
thermocouples were installed inside the PCS to monitor its 
temperature. 

A. Open/Close Operation 

 
Fig. 1. The 3-coil assembly. Wire terminals and joints were epoxied to 
perforated sheet for mechanical integrity. Two copper strips were soldered to 
each coil for inter-coil connection. 

 
Fig. 3. The temperature vs. time plot of the PCS open/close operation. It 
required ~1 W to keep the PCS open. The PCS can be closed in 3 minutes in 
gas helium. 

 
Fig. 2. The current and temperature vs. time plot of a small-loop test. The 
current was persistent in the range 8-15 K for 4 hours, indicating a loop 
resistance of <3×10-12 Ω. 
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A sample PCS was tested in both liquid and gas helium. It 
required 3 W in liquid helium (4.2 K) and 1 W in gas helium 
(5 K), respectively, to keep the PCS above 40 K. In gas helium 
at 5 K, the PCS can be cooled from 40 K to ~5 K in 3 minutes, 
as shown in Fig. 3. 

B. Dump Operation 
The coils were protected with detect-and-active-dump 

approach, in which the PCS served as the dump resistor. When 
a normal zone is detected in the coil, a current will be supplied 
to the PCS heater, raising the temperature of PCS above 40 K, 
which then triggers the dump of the magnetic energy stored in 
the coil to protect the normal zone. 

As shown in Fig. 4, the dump was triggered in 1 s when 0.4 
A was put into the PCS heater. A well-chosen capacitor can 
shorten this activation time to <0.1 s. The time constant of the 
dump was ~3 s, fast enough to protect the magnet operating at 
100 A. The temperature of the PCS did not rise above 70 K, so 
that the thermal stress caused by the temperature gradient 
should not damage the wire in the PCS. 

V. PERSISTENT-MODE OPERATION 

A. Persistent-Mode Operation of a Single Coil 
After we confirmed the successful operation of the 

superconducting joint and PCS, we started to fabricate the full 
coils. We have manufactured and tested 3 coils. 

Each coil was tested in persistent-mode at 50 A up to 31 K, 
at which temperature the coil quenched, as shown in Fig. 5. 
The current kept constant at 50 A until 26 K, where it started 
to decay slightly. The coil quenched from ~50 A at 31 K. This 
result indicated the feasibility of persistent-mode operation at 
100 A in the range 10-15 K. 

B. Persistent-Mode Operation of a 3-Coil Assembly 
We assembled the 3 coils and connected them in series. The 

first question is: because each coil has its own PCS and 
superconducting joint, are we able to charge and discharge 
each coil in the assembly simultaneously? The answer given 
by a simply circuit analysis is YES: as long as all of the PCS’s 
are open, the coils can be charged or discharged 

 
Fig. 6. The charge-persistent-discharge operation cycle on the 3-coil assembly 
at 30 A. 

 
Fig. 4. The field and temperature vs. time plot of the PCS dump operation. 
The time constant of the dump was ~3 s. The highest temperature of PCS was 
below 70 K. 

 
Fig. 5. The persistent-mode operation of a coil. The current, initially charged 
to 50 A, started to drop slightly at 26 K. The coil quenched at 31 K. 

 
Fig. 7. The field and temperature vs. time plot of the persistent-mode 
operation of the 3-coil assembly. The field decayed at 10 K, 11 K, and 12 K, 
with currents at 100 A, 99 A, and 98.5 A, respectively. 
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simultaneously. A successful charge-persistent-discharge 
operation cycle at a current of 30 A is shown in Fig. 6. 

Therefore, we charged the coil at ~5 K to 100 A—the target 
current of the final magnet assembly. We let the coil warm up 
in gas helium naturally to enter the target range 10-15 K. 
When the temperature at the top of the assembly reached 10 
K, we saw slight field decay. So we cooled the coils by 
refilling liquid helium and let it warm up again to see the field 
response. We conducted two of such refill, and the field is 
plotted in Fig. 7. The field decayed again at 11 K and 12 K, 
with currents at 99 A and 98.5 A, respectively. 

Although the 3-coil assembly did not operate at the target 
current in the desired temperature range, it still carried 100 A 
up to 10 K and 98.5 A to 12 K, which was close. The <1 A/K 
current drop should allow a persistent-current operation at ~95 
A up to 15 K. 

C. Cause of the Field Decay 
We set up a bridge circuit on each coil to detect the 

potential resistive voltage in the coils. By investigating into 
the voltages of the bridge circuits, we discovered that the top 
coil (Coil 1)—warmest as well—started to build up resistive 

voltages exactly at the field turning points, as shown in fig. 8. 
A ballpark calculation of the average resistance in the coil 
with the bridge voltage 

 

R = 2Vb

I
=

25×10−6

100
= 2.5×10−7  Ω  (1) 

 
matches the value calculated from the field decay 
 

R = L dI
dt

1
I
= 0.2× 1

7200
×

1
100

= 2.8×10−7  Ω.  (2) 

 
The other coils (Coil 2 and 3), as well as the joints (in Coil 

1, 2, and 3), are indicated by the measured voltage to be 
superconducting through the test, as shown in Fig. 9 and 10, 
respectively. 

Since the manufacturing and test of a coil include many 
steps, a defect in Coil 1 could be caused during any step of 
winding, heat-treatment, handling after heat-treatment, and 
testing. More investigation is needed to determine the reasons 
of the resistive voltage rising in Coil 1. 

VI. CONCLUSION 
We built and operated a 3-coil assembly of an 8-coil 0.5-

T/240-mm cold bore MgB2 MRI magnet. Nearly full-current 
operation, 98.5 A (measurement) vs. 100 A (design), of the 3-
coil assembly in persistent-mode at >10 K suggested potential 
success of the complete magnet. The test results also 
confirmed successful operation of the other key components: 
1) superconducting joint, 2) PCS, and 3) active protection. 
Solid nitrogen, an excellent cold mass enhancer, will be 
introduced as the next step to give a better temperature control 
for longer persistent-mode operation. 
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Fig. 8. The bridge voltage of Coil 1 is plotted vs. time. The voltage indicates a 
resistance in Coil 1 that caused the field decay. 

 
Fig. 9. The bridge voltages of Coil 2 and 3 are plotted vs. time. The voltages 
indicate that Coil 2 and 3 were superconducting through the test. 

 
Fig. 10. The voltages of joints in Coil 1, 2, and 3 are plotted vs. time. The 
voltages indicate that Joint 1, 2, and 3 were superconducting through the test. 
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