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Abstract 
 

This paper presents four topics about acoustic emission (AE) measurements for supercon-
ducting (SC) devices, which were conducted at National Institute of Advanced Industrial Science 
and Technology, Seikei University and Japan Atomic Energy Agency. (1) AE signals induced 
from typical phenomena of wire motion and friction in a high-temperature SC coil were demon-
strated. AE signals of the repeated operation process by alternating current were also shown. (2) 
AE signals induced from a low-temperature SC coil were measured when quenching took place. 
AE signals have varied waveforms depending on quenching patterns, which included informa-
tion of the instability and causes of quenching process. (3) AE method was applied to the Inter-
national Thermonuclear Experimental Reactor (ITER) central solenoid model coil, the world’s 
largest pulsed coil with a stored energy of 640 MJ. By measurement using multi-channel AE 
sensors and long duration data-acquisition, the rearrangement of the SC cables was clarified by 
combining AE signals and voltage signals. (4) A test result on the thin-film element for fault 
current limiters was shown. It is required that substrates of the elements are as thin as possible 
for the cost reduction. Too thin substrate is sometimes not tough for thermal stress, and time of 
breaking of substrate and thin-film layer was found using the AE signals and current informa-
tion, respectively.     
 
Keywords: Superconducting coil, ITER, fault current limiting element, quenching, NbTi, 
Nb3Sn, Bi2Sr2Ca2Cu3O10+x, YBa2Cu3O7.  
 
1. Introduction 
 

There are many applications of SC devices for various areas including power, medical, traffic 
applications, fusion and high-energy physics. For those applications, SC coils (or SC magnets) 
play important roles because those coils can produce very high magnetic field without 
Joule-heating losses in superconductors.  

 
AE measurement for SC devices was initially applied to a low-temperature SC coil and the 

AE signals were induced prior to the quenching of the coil [1]. Quenching means that SC state 
makes a drastic transition to normal state due to disturbances. That is, it was assumed that 
quenching can be avoided by monitoring AE signals. Since this initial research, AE measurement 
technique for SC coils has been studied in some institutes, and causes of AE induced from SC 
coils have been considered to be flux motion, strain effect and wire motion [1-4].  
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The AE monitoring technique has the advantage that it is not necessary to attach AE sensors 
directly onto the SC windings in SC devices, where SC windings should be electrically
insulated from the sensors. Hence, the sensor does not disturb the SC windings. Another advan-
tage is that one AE sensor can cover wide area of SC coil and can detect global
information of SC coils. 

 
2. Research on Superconducting Devices 
 
A. AE signals induced from high-temperature SC winding (Motion of the coil winding)  
 High-temperature SC coils have high stability because their critical temperature is high 
compared with conventional low-temperature SC coils and their specific heat is high at its high 
operating temperature. Thus, the resistive transition of the high-temperature SC coil can be easily 
avoided.  

 
Fig. 1 The high-temperature SC coil and the AE sensor. 

 
Figure 1 shows an SC coil using a Bi-2223 (Bi2Sr2Ca2Cu3O10+x) high-temperature SC tape 

and an AE sensor, which was attached on the coil. The diameter of the sensor surface was 35 
mm. Inner and outer diameters of the coil were 60 and 120 mm, respectively. There is a Kapton 
film between the coil and the AE sensor for insulation. The 50 Hz operating current was applied 
to the coil after the coil and the AE sensor were immersed in liquid nitrogen. The AE sensor has 
specifications for low temperature use at liquid nitrogen temperature, 77 K.   

 
Here, in order to observe behavior of motion of SC winding, the coil was not ep-

oxy-impregnated. The motion of the winding was induced by electromagnetic forces from the 
current in the winding. (Vibration of the winding of SC coils usually leads to mechanical losses. 
So the method such as epoxy-impregnation process may be applied to SC coils.)    

 
Figure 2 shows 50 Hz alternating current (ac) applied to the coil and AE signals induced 

from the coil. Here, the envelopes of AE signals exhibit exponential decay.  The current was ap-
plied five times. The AE signals drastically increased after a mechanical critical point. The 
source of the AE signals was mainly the friction and motion of coil winding. As the current ap-
plication was repeated, the AE signals tended to decrease. The result shows the motion of the 
coil winding gradually settled when the ac operation was repeated, and it was demonstrated that 
AE measurement can detect those phenomena. 
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Fig. 2 AE envelopes and 50 Hz operating 
current when the same alternating current 
was applied to the coil five times.  
 

 
 
Fig. 3 Drawings of the NbTi alternating current 
SC coil tested at a commercial frequency of 50 Hz 
in liquid helium. 
 

B. AE signals induced from low-temperature SC coil (Quenching) [5] 
 Figure 3 shows the drawings of a low-temperature alternating current SC coil of NbTi. The 
NbTi winding has specifications for an alternating current use. Inner and outer diameters of the 
coil winding were 30 and 33.6 mm, respectively, and height of the winding was 52.3 mm. The 
coil was epoxy-impregnated. Quenching tests were conducted in liquid helium at 4.2 K. In the 
tests, the operating alternating current was increased gradually and the quenching of the coil took 
place when the operating current exceeded a quenching current. The test result was shown in Fig. 
4, where the vertical axis indicates the quenching current. In those tests, there are two patterns. 
One is the case that the quenching current was between two straight lines shown in the figure. 
The other is the case that the quenching current was out of this trend, which indicates the data of 
the 25th and 26th operation.  

 
Figure 5(a) shows one example of AE and normal component that the quenching current was 

on the trend and Fig. 5(b) indicates the case of out of the trend.  The normal component means 
the  resistance values which appeared in the coil after quenching. In the case that the quenching 
current was on the trend as shown in Fig. 5(a), the AE signals increased with the normal compo-
nent. This means that when quenching took place, the normal component grew and the normal 
component was a source to induce the AE signals. In the case of out of trend as shown in Fig. 
5(b), the quenching took place by epoxy cracking, which induced AE signals. The epoxy crack-
ing was a cause of local temperature rise of the coil winding, which led to quenching that in-
creased the normal component. So the delay of the increase of the normal component can be seen 
compared with the rise of the AE signal in Fig. 5(b).  
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Fig. 4 Quenching current dependence on quenching test number at a commercial frequency of 50 
Hz in liquid helium. Vertical axis indicates effective values of quenching currents. 

 

  
Fig. 5 Time profiles of data acquired in (a) the 24th and (b) 25th quenching test. 

 

 
 

Fig. 6 ITER central solenoid model coil and AE sensors mounted on the coil. 
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C. AE signals induced from large-scale SC coil (Rearrangement of the SC cables) [6, 7] 
As a part of the International Thermonuclear Experimental Reactor (ITER) program, a cen-

tral solenoid (CS) model coil was developed in order to demonstrate the validity of the engineer-
ing design of the coil and to examine the actual performance of the CS model coil as the world’s 
largest high-field pulsed SC coil.  Figure 6 shows the drawings of the CS model coil with an in-
ner diameter of 1.56 m and an outer diameter of 3.62 m. Twelve AE sensors were mounted on 
the CS model coil. The AE measurement was carried out quasi-stationary for a period; for exam-
ple, 15 min. or one hour.  

 

 
Fig. 7 AE signals and balance voltages in the virgin full-charging-up operation. The operating 
current was approximately 45 kA.  

 
Figure 7 shows the data in the high current region at the operating current of approximately 

45 kA. In this case, the data was obtained when the operating current increased from zero to the 
rated current of 46 kA. Venv1 to Venv6 indicate AE envelopes detected by AE sensors AE01 to 
AE06, respectively. Vd12 to Vd78 show balance voltages, where balance voltage Vdjk represents 
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a difference in voltages of the jth and kth layers of the CS model coil. A spike signal in Vdjk 
means there was motion of the cables in the jth and/or kth layers. The 1st layer of the coil is the 
most inner layer having inner diameter of 1603 mm and the outer diameter of 1705 mm, and the 
8th layer is placed between 2389 and 2480 mm in its diameter.  

 
The lines L11 to L14 in Fig. 7 show clear correlations between the AE pulses and voltages, 

where the AE signals started to rise after voltage spikes. This implies the motion of the cables 
induced AE signals. In the case of L11, the motion of the 1st and/or 2nd layers was induced 
judging from the spike in Vd12. The same motion induced the AE pulses in Venv2 and Venv1 with 
delays of approximately 300 and 700 µs after the rise of the voltage spike of Vd12. Therefore, the 
rearrangement of the SC cables apparently occurred near AE02 sensor and within 1st and 2nd 
layers at L11.  

 

 
 

Fig. 8 Superconducting thin-film element and AE sensors. 
 

D. AE signals induced from SC thin-film element for fault current limiter (Detection of breaking 
of the substrate)  
 Figure 8 shows an SC thin-film element and AE sensors. The thin-film element was used as a 
fault current limiter, which restricted fault current of the power lines when a short circuit oc-
curred. The thin-film element was composed of a sapphire substrate and thin-film layers, where 
the film was composed of a YBa2Cu3O7 SC layer and a stabilizer layer of Au-Ag.  

 
The thin-film kept SC state while 50 or 60 Hz ac was below the rated current levels. When a 

fault occurred, the SC state of the thin-film element went into a resistive state. In that case, the 
thin-film element had high Joule heating and the substrate of the film was subjected to thermal 
stress. 



 

 117  

Figure 9 shows time profiles of current Ifilm, voltage Vfilm in the thin-film element and an AE 
envelope when fault occurred. In this experiment, the thickness of the substrate was thinner than 
usual and was breakable. A large AE signal was observed as shown in Fig. 9 during the fault, 
where the element fractured at that instant. The reason of fracture is supposed to be thermal 
stress caused by a temperature difference between its center part and its gold electrode, coming 
from high Joule heating after the quenching took place.  After the substrate fracture, the thin-film 
layer on the substrate fractured as indicated with the arrow in Fig. 9. These data indicate the 
processes of the damage to the thin-film element. 

 

 
Fig. 9 AE signals induced by fracture of the substrate of the thin-film element. 

 
3. Summary 
 
 The four topics about the AE measurements for monitoring SC devices were presented with 

some of the data, which were acquired at National Institute of Advanced Industrial Science and 
Technology, Seikei University and Japan Atomic Energy Agency. For the four cases, phenomena 
observed in SC devices were analyzed using AE signals along with voltage or current informa-
tion. AE signals induced by mechanical phenomena provided additional information unavailable 
from voltage or current information.  
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