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ABSTRACT18
19

The AC current instability mechanisms are investigated in high-Tc superconductor and
superconducting tape at conduction-cooled conditions when the electric field and applied
current may essentially exceed the critical values of a superconductor. It is shown that there
exist the characteristic times defining the corresponding time windows that are the basis of
the existence of the stable AC regimes despite the high values of the induced electric field
and the temperature of a superconductor. It is proved that these values are higher than the
corresponding values of the electric field and the temperature before the thermal runaway.
These states may be defined as stable overloaded regimes. Therefore, high-Tc
superconducting magnets are possible to operate stably at AC overloaded regimes and the
conduction-cooled conditions, which will be characterized by very high AC losses.
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1. INTRODUCTION25
26

The macroscopic electrodynamics investigations of superconductors are one of the most27
fundamental issues for both low-Tc and high-Tc superconductors. It is important for the28
understanding of the superconductivity mechanisms [1] – [3]. Therefore, the increasing use29
of superconductors for advanced applications has generated much interest in such study.30

31
The study of current-carrying capacity of superconductors is one of main problems of applied32
superconductivity [4], [5]. The limiting currents flowing stably in low-Tc superconductors,33
which have steep voltage-current characteristics, are often defined by a priory chosen value34
of the critical electric field used in the definition of the critical current during DC35
measurements [4], [5]. However, high-Tc superconductors have a broad shape of the36
voltage-current characteristics. Therefore, the finite voltage is induced long before the37
current instability onset in high-Tc superconductors. In these states, superconductors are in38
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resistive modes even in the low electric field range [6]. Nevertheless, the voltage-current39
characteristics are widely used to determine the critical current of high-Tc superconductors40
as their basic property. At the same time, a lot of experimental and theoretical investigations41
(see, for example, [7]-[9]) prove that resistive states of high-Tc superconductors can be42
stable at higher electric fields and currents than the critical ones following from the fixed43
electric field criterion. These features lead to the thermal runaway concept, which must be44
used to find the stability boundary of charging current.45

46
In the macroscopic approximation, the formulation of the current stability conditions must be47
based on the analysis of violation of thermal equilibrium of superconductor’s48
electrodynamics states, as it was formulated for the first time in [10] for fully penetrated49
current states of low-Tc superconductors. Using this idea, the current-carrying capacities of50
high-Tc superconductors and superconducting tapes have been investigated in detail during51
DC operating modes (see, for example, [7]-[9], [11]-[20] and references cited therein).52
However, the basic thermal and electrodynamics formation features of stable and unstable53
AC regimes of the high-Tc superconductors have still not been discussed.54

55
In the investigation presented below, we extend the thermal runaway concept on the AC56
operating modes. It allows us to formulate the basic thermal and electrodynamics features of57
the current instability onset in high-Tc superconductors during alternating current charging.58

59
2. THERMO-ELECTRODYNAMICS MODELS60

61
The theoretical analysis of the macroscopic AC phenomena in superconducting current-62
carrying elements must be based on the numerical solution of the multidimensional63
equations that allows one to describe the evolution of their thermal and electrodynamics64
states. However, such modeling is cumbersome and time-consuming because of the65
complexity of computation models, which, as a rule, are based on the use of the finite66
element method (see, for example, [14], [21], [22]). Simpler models are preferable to67
understand the stability mechanisms of AC regimes under which superconducting power68
devices are operated.69

70
Let us consider a superconductor with a slab geometry (-a<x<a, -b<y<b, -<z<, b>>a)71
placed in a constant external magnetic field parallel to its surface in the y-direction that is72
penetrated over its cross section (S=4ab). Suppose that the applied current is charged in the73
z-direction increasing in time as sine function (I=Imsin2ft) with frequency f and its self-74
magnetic field is negligibly lower than the external magnetic field. Let us describe the75
voltage-current characteristic of the superconductor by a power law and approximate the76
dependence of the critical current on the temperature by the linear relationship [4], [5].77
Assume also that the superconductor has the transverse size in the x-direction, which does78
not lead to the magnetic instability. Therefore, the transient one-dimensional equations79
describing the evolution of the temperature T(x,t) and the electric field E(x,t) inside the80
superconducting slab is independent of z and y coordinates and may be written as follows81

82
         

T TC(T) (T) EJ
t x x

(1)83

 
    
 

2

0 2

J E , t 0, 0 x a
t x

(2)84

85
Here, the electric field, the current density J(x,t) and the critical current density Jc(T,B)86
conform the following relationships87

88



3

 
n

c cE E J / J (T,B) (3)89

     c c0 cB cB 0J (T) J T T / T T (4)90
91

For the problem under consideration, the initial and boundary thermo-electrodynamics92
conditions are given by93

94

 0T(x,0) T , E(x,0) 0, (5)95

  
    

  0
T T(0,t) 0, (a,t) h T(a,t) T 0,
x x

(6)96

 
 

 
0E E dI(0,t) 0, (a,t)

x x 4b dt
(7)97

98
Here, C and  are the specific heat capacity and thermal conductivity of the superconductor,99
respectively; h is the heat transfer coefficient; T0 is the cooling bath temperature; n is the100
power law exponent of the E-J relation; Ec is the voltage criterion defining the critical current101
density of the superconductor; Jc0 and TcB are the known constants at the given external102
magnetic field B.103

104
The model defined by equations (1) – (7) may be simplified in the cases when the105
temperature, electric field and current distributions inside the superconductor are practically106
uniform. Integrating equation (1) with respect to x from 0 to a and considering the boundary107
conditions (6), it is easy to get the following transient heat balance equation108

   0
dT hC(T) (T T ) E(t)J(t)
dt a

(8)109

This equation with the relations (3) and (4) describes the uniform time variation of the110
temperature and the electric field as a function of charged current I(t)=J(t)S.111

112
As it is well known, the critical properties of Bi-based superconductors essentially exceed113
critical properties of low-Tc superconductors in high magnetic fields. This opens up many114
kinds of applications of these superconductors. For example, a conduction-cooled Bi2212-115
magnet is one of possible new generations of a high field magnet system [23]-[29]. In this116
connection, let us investigate the physical features of stable and unstable AC formation of117
thermo-electrodynamics states in the current charging into a Bi2212-superconductor under118
non-intensive cooling conditions, which take place in conduction-cooled magnets [25].119

120
Figure 1 shows zero-dimensional and one-dimensional simulation results of the initial stages121
of the stable waveform evolution of the electric field and the temperature in the slab. The122
insets show the corresponding curves in more detail. The simulation was made for a initially123
cooled Bi2Sr2CaCu2O8 slab (a = 10-3 cm, b = 10-2 cm) at T0=4.2 K, h=10-3W/(cm2K) and124
B=10 T. The results presented were based on the numerical solution of the problem defined125
by equations (1) - (8) at Im=0.935 A, f = 10 Hz. The specific heat capacity and thermal126
conductivity of the superconductor were defined as follows127

128
               

3
6

3 4 4
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129

    

    
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( 1.234 10 1.654 10 T 4.608 10 T 1.127 10 T 6.061 10 T )
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131
132

133
Fig. 1. Zero-dimensional (0D) and one-dimensional (1D) simulation of electric field (a)134
and temperature (b) induced in the AC regime: - - - - 0D, –––– - 1D, x=a, …… - 1D, x=0.135

136
according to [30], [31], respectively. The parameters of the superconductor were set as Ec =137
10-6 V/cm, Jc0 = 1.52104 A/cm2, TcB = 26.12 K and n = 10 according to [32].138

139
It is seen that the temperature evolution during the entire current charging mode is practically140
uniform in the cooling mode under consideration. Therefore, the electric field distribution is141
also practically uniform in the fully penetrated states. Accordingly, these simulations can be a142
reason, which permits to use zero-dimensional approximation. Moreover, to verify the143
formation features of AC thermo-electrodynamics states formulated below in the framework of144
the zero-dimensional model, the one-dimensional simulation of serrated current charging145
mode is presented in Appendix. By that, the below-discussed results were carried out under146
zero-dimensional model described by equations (3), (4) and (8) without a large amount of147
computing.148

149
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3. AC STABILITY MECHANISMS OF SUPERCONDUCTING STATES150
151

Figure 2 shows the variation in time of the electric field, the temperature, the heat generation152
(G = E(t)J(t)) and the heat removal power (W = h(T-T0)/a) in the considering superconducting153
slab at f = 10 Hz and different values of the peak current leading to the stable or unstable154
regimes. The corresponding curves calculated at f = 100 Hz are presented in figure 3. In155
these cases, the critical current of the superconductor and the thermal runaway current are156
equal to Ic = 0.61 A and Iq = 0.87 A, respectively. The corresponding thermal runaway values157
of the electric field and the temperature are equal to Eq = 910-5 V/cm and Tq = 6.16 K. They158
follow from the results presented in [33].159

160
It is seen that stable and unstable AC regimes may exist in both input and output current161
charging modes. For example, the curves 3-5 in figures 2a and 2b correspond to the stable162
dynamics of the electric field and the temperature. They depict that the peak currents exceed163
not only the critical current but also the thermal runaway current. Therefore, the maximum164
stable values of electric field |Emax| and temperature Tmax are very high during these AC loads.165
Moreover, the corresponding peak values of the electric field and temperature are larger than166
the conformable thermal runaway values. This feature is due to very high stable heat power167
generated in the superconductor. Indeed, the peak value of the heat generation exceeds 20168
W/cm3 during operating mode under consideration. It exceeds the cooling power practically169
over 3 times. However, the superconducting properties of the slab are not destroyed in these170
intensive AC regimes despite such a significant difference. They may be defined as the171
overloaded regimes.172

173
Figure 2 and 3 depict that formation of stable and unstable cycles depends on the peak174
current and frequency. Besides, the frequency of the current load influences on the transition175
time after which peak values of electric field (and, thus, temperature) become practically176
constant during the stable AC overloaded regime. At the same time, an increase in the177
frequency may lead to the stabilization of the operational states. It is seen that the limiting178
peak values of the electric field and temperature at f = 10 Hz are higher than ones at f = 100179
Hz during stable states. Therefore, the corresponding value of the peak current at f = 100 Hz180
exceeds one at f = 10 Hz.181

182
Figure 2 and 3 also prove that AC dynamics of the temperature or electric field has the similar183
nature that is observed near stability boundary at DC charging modes when the184
superconducting state may be either kept or lost [19], [20]. Note that the bifurcation nature of185
DC charging modes near stability boundary has been established for the first time in [34]186
studying the ramp-rate limitation problem for low-Tc superconducting composites. The187
conclusions formulated in [34] have been permitted to understand the energy nature of the188
superconducting state stability problem. This feature that also takes place for high-Tc189
superconductors and superconducting tapes will be discussed below.190

191
Thus, the limiting peak current must exist during AC regime. Therefore, if operating peak192
currents are below the limiting peak current then a superconductor saves its superconducting193
state. Otherwise the superconducting state is destroyed. This idea permits one to find the194
stability boundary of the AC regimes in the experiments during which two characteristic peak195
values will be determined. By that, the minimum peak value of charging current will196
correspond to the upper stable value of the peak current charged into the superconductor197
despite its high stable overheating. Accordingly, the maximum value of them will define the198
peak current at which the AC regimes are unstable.199

200
201
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202

203

204
Fig. 2. Stable and unstable evolution of electric field (a), temperature (b), heat205
generation and cooling power (c) at f = 10 Hz.206

207
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208

209

210
Fig. 3. Stable and unstable evolution of electric field (a), temperature (b), heat211
generation and cooling power (c) at f = 100 Hz.212
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213
Let us discuss the mechanisms underlying the stable formation of AC overloaded regimes.214
Figures 4 and 5 present the modeling results of the current charging when frequency has low215
or high values. They demonstrate the existence of the characteristic stable stages. The216
dynamics of the current, electric field and temperature is shown in Figure 4a that take place217
after some transition time at f = 10 Hz and Im = 0.939 A. The corresponding curves depict the218
heat removal and the heat generation in figure 4b. Figure 5 illustrates the calculation results219
made at f = 100 Hz and Im = 0.991 A. These figures allow one to explain the existence of220
stable AC overloaded regimes showing the presence of characteristic formation stages.221

222

223

224
225
226

Fig. 4. Stable stages of AC overloaded regime at Im= 0.939 A and f = 10 Hz: a – charged227
current, temperature and electric field induced in superconductor, b – heat generation and cooling228
power.229

230
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First of all, let us discuss the operational states that take place in the current charging with low231
frequency. In this case, the first stage starts at t = tm when the charged current equals peak232
value Im. This stage exists in the interval tm < t < tEmax. Here, tEmax is the time when the induced233
electric field has maximum (figure 4a). In this stage, the electric field and the temperature still234
increase from the corresponding values Em and Tm despite the fact that the charged current235
decreases. Accordingly, increasing in the time the heat generation in a superconductor (G)236
exceeds the heat removal (W). At the same time, the heat generation has maximum at t =237
tEmax (figure 4b) after which the charged current becomes less than the corresponding value of238
the thermal runaway current Iq and an induced electric field begins to decrease.239

240

241
242

Fig. 5. Formation time windows of charged current, temperature and electric field at Im=243
0.991 A and f = 100 Hz.244

245
Note that the charged current is unstable in this stage as the charged current is still higher246
than the thermal runaway current. However, the instability does not occur because, first, the247
charged current decreases. Second, the electrodynamics state dynamics of superconductor248
depends essentially on the temperature dependence of the specific heat capacity when E >249
Ec, as it was proved in [19] and [20] for DC regimes. Consequently, the rise of the electric field250
and the temperature becomes more stable both before and after instability onset. The role of251
C(T) will be discussed below.252

253
In the second stage that begins at t > tEmax the induced electric field start to decrease. This254
stage takes place due to the fact that the charged current not only decreases in time but255
becomes less than the thermal runaway current (I(t) < Iq). At the same time, the heat256
generation, which decreases, still is larger than the increasing in time the heat removal in the257
interval tEmax < t < tTmax, as figure 4b depicts. Here, tTmax is the time where the heat generation258
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equals the heat removal and then the temperature of a superconductor has maximum. That is259
why the temperature of the superconductor continues to rise in the second stage (figure 4a).260

261
The mutual decrease of the charged current and the induced electric field leads to the stage262
when the heat generation becomes less than the heat flux to the coolant. It is the third stage263
beginning at t > tTmax, which is characterized by the stable decrease of the charged current,264
the electric field and the temperature (figure 4a). This stage ends at tTmin, which is the time265
when G=W.  By that, the heat generation begins to exceed the heat removal in the interval t >266
tTmin. It is the fourth stage when the temperature of a superconductor again rises. At the end of267
this stage, the temperature of superconductor is equal to the conformable value Tm when the268
electric field and the current are equal to the corresponding peak values –Em and –Im,269
respectively. Other AC stages repeat above-discussed ones and the stable evolution of the270
AC overloaded regime goes on.271

272
Figure 5 demonstrates the effect of high frequency on the formation of the AC stages. It is273
seen that the duration of the first stage (tm < t < tEmax) may essentially decrease. It becomes274
very short in comparison with the first stage that takes place at the low frequency. To be275
exact, the electric field practically starts to decrease when the charged current begins to276
decrease after tm. Note that there exist operating regimes when the first stage may be absent.277
It is due to the fact that the frequency is high and the time, during which the instability278
develops, is short. The next stage exists at t > tEmax. The electric field and, thus, the heat279
generation begin to decrease in this stage. However, the temperature of superconductor280
increases because the charged current is still in the unstable range (I(t) > Iq). The decreasing281
in time the heat generation leads to a time when the heat generation is equal to the cooling282
power. Therefore, the finish time boundary of the second stage is defined by tTmax, as283
discussed above for the low frequency current charging. At the same time, the value tTmax is284
also defined by the condition I(t) = Iq, as it follows from figure 5. It is the result of peculiarity285
according to which the charged current must be stable in the third stage (tTmax < t < tTmin) and286
the temperature will decrease at I(t) < Iq. The condition I(t) = Iq also defines the tTmin, after287
which the charged current is not in the stable range, as it depicts figure 5. (Note that the value288
tTmin also follows from the balance condition between heat generation and cooling power.)289
Consequently, the temperature of superconductor starts to increase in the fourth stage (t >290
tTmin) because the charged current is higher than the thermal runaway current.291

292
The obtained results show that the time windows of formation stages will depend on the293
frequency. As a result, the limiting current-carrying capacity of high-Tc superconductors also294
will depend on the frequency. As it will be shown below, it monotonically increases with295
increasing frequency. Besides, the discussed peculiarities influence on the shapes of the296
voltage-current characteristic during AC regimes. To illustrate this conclusion, the voltage-297
current characteristics during AC regimes are presented in figure 6 for two investigated298
modes. It is seen that they have hysteresis. It depends on the frequency. As a result, this299
feature leads to the fact that difference between the currents, at which the peak values of the300
current and the electric field exist, depends also on the frequency. Note that there exists the301
transition time when the voltage-current characteristics depend on the cycle duration. It should302
be taken into account in experiments.303

304
Above discussed features may be justified on the basis of equations (1) and (2). They lead to305
the following relationship306

307

            
    

1/n 1/n
c c

c c

G(T) W(T) S dJ EdE dI E nE
dt dt C(T) dT E J (T)S E

(9)308

309
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310

311
312

Fig. 6. Voltage-current characteristics of superconductor during stable AC overloaded313
regimes: (a) - f = 10 Hz, (b) - f = 100 Hz.314

315
that takes place in the current range when E > 0. It shows how difference between the316
maximum values of the current and the electric field depends on the mutual dynamics of317
charged current, induced electric field and temperature, in particular, frequency or the318
temperature dependences of the critical current of superconductor and its heat capacity.319
Indeed, the first discussed stage occurs when dI/dt < 0 and G > W. As follows from figures 2320
and 3, the lower frequency, the higher difference between G and W and the higher induced321
electric field. Therefore, according to the equality (9), the higher frequency, the lower duration322
of the first stage. Moreover, the lower frequency, the higher temperature rise of323
superconductor, and then the higher influence of heat capacity. As a whole, when the324
condition325

326
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


 
  

 Emax
Emax

1/n

c

ct t t t

dJdI (G W)S E
dt C dT E

327

328
takes place then difference between tm and tEmax will be practically absent. Thus, the limiting329
peak current will weakly depend on the frequency when the latter will exceed the330
characteristic value.331

332
The stability of the AC overloaded regimes may be explained considering the fluctuation of the333
corresponding average values of the temperature, the heat generation and the cooling power.334
Namely, let us compute335

336

    
t t t

av av av
0 0 0

1 1 1T Tdt, G Gdt, W Wdt
t t t

.337

338
The calculations presented in figures 7 and 8 show that there exist the corresponding stable339
averaged values around which the stable fluctuations occur after the transition period. Their340
existence depicts that there must be the relationship between them, which allow to define the341
stability boundary during AC regimes. The results presented in figure 9, which were made at f342
= 10 Hz (figure 9a) and f = 100 Hz (figure 9b), prove that the stability boundary of AC regimes343
may be defined analyzing the averaged values of removal efficiency of the Joule heating into344
the coolant. Accordingly, the stability condition has the following form345

346
Gav(Tav,q) = Wav(Tav,q), ∂Gav(Tav,q)/∂T = ∂Wav(Tav,q)/∂T347

348
in the zero-dimensional approximation. Here, Tav,q is the average thermal runaway349
temperature (figures 7a and 8a).350

351

352
353

Fig. 7. Stable evolution of temperature and average values of temperature (a), heat354
generation and cooling power (b) at f = 10 Hz.355

356
357



13

358
Fig. 8. Stable evolution of temperature and average values of temperature (a), heat359
generation and cooling power (b) at f = 100 Hz.360

361

362
Fig. 9. Average values of heat generation and cooling power as a function of average363
temperature near AC stability boundary: (a) - f = 10 Hz, (b) - f = 100 Hz.364
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365
Figure 10 shows the dependence of the maximum possible changes of temperature, Tmax366
(figure 10a); heat generation, Gmax, (figure 10b) and current, Imax, (figure 10c) on the frequency367
in a superconductor during stable AC overloaded regimes. The corresponding thermal368
runaway values of the temperature Tq, current Iq and average thermal runaway temperature369
Tav,q are also depicted. The results presented demonstrate the following features. First,370
allowable fluctuations of temperature are very small at low frequency because the current371
instability may happen in the first output mode when its duration is relatively large. In this372
case, the output time of current is larger than the time of the instability development. Thereby,373
the values of Tmax and Imax are close to the corresponding thermal runaway temperature Tq374
and current Iq. Second, the stable range of the temperature fluctuation and limiting overloaded375
currents increase with increasing frequency because the duration of the first stage decreases.376
Third, at high frequencies, the stable range of the peak temperature and average temperature377
fluctuation decrease with increasing frequency. The reasons of these features are as follows.378
The temperature of superconductor is proportional to the heat dissipation. It will have379
maximum (figure 10b) as, first of all, the maximum value of the peak electric field will be also380
non-monotonous function of frequency. Indeed, the induced electric field will increase with381
increasing current frequency at small values of f. At the same time, it will be decreasing382
function of the frequency at their high values because the higher frequency, the smaller the383
time during which the maximum value of the peak electric field is reached. Figure 11 depicts384
the corresponding dependences of the dynamics of induced electric field and temperature on385
the frequency.386

387

388
Fig. 10. Influence of the frequency on the limiting stable values of the temperature389
peak, average thermal runaway temperature (a), heat generation (b) and peak values of390
current (c).391

392
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393

394
Fig. 11. Frequency effect on the evolution of electric field (a) and temperature (b) before395
current instability: 1-Im=0.895 A, 2-Im=0.910 A, 3-Im=0.939 A, 4-Im=0.967 A, 5-Im=0.993 A.396

397
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Along with this, the values of Imax monotonously increase to the saturated value even when398
the temperature of the fluctuations decreases and tends to its limit that equals Tq at high399
frequency. This existence of the saturated value of Imax is a result of the formation400
peculiarities of all stages discussed above.401

402
4. AC INSTABILITY OF SUPERCONDUCTING WIRES AND TAPES403

404
Let us investigate the stability mechanisms of AC overloaded regimes in the high-Tc405
superconducting tape -a<x<a, -b<y<b, -<z<, b>>a). Let us assume that406
- the silver-sheathed Bi2Sr2CaCu2O8 superconducting tape with the cross-sectional407
area S=4ab has filaments with small transverse sizes, which are evenly distributed over a408
cross-sectional of a tape with the volume fraction coefficient ;409
- the external magnetic field is parallel to its surface and penetrates over the cross-410
sectional area of tape;411
- the applied sinusoidal current is charged in the z-direction and its self-field is greatly412
less than the external magnetic field.413

414
The results of the simulation discussed below were made at T0=4.2 K assuming that the415
background magnetic field is equal to B=10 T and the heat removal conditions on the surfaces416
of the tape are close to the conduction-cooling condition (h=10-3 W/(cm2K)). The values of the417
critical current density Jc0, peak current Im and sheath resistance n were varied.418

419
Under these assumptions, the following zero-dimensional set of equations420

421
    0 0C(T)dT / dt h(T T ) / a E(t)J(t), T(0) T (10)422

    
n

c s c n nE(t) E J (t) / J (T,B) J (t) (T,B), E(0) 0 (11)423

      s n mJ(t) J (t) (1 )J (t), J(t) I sin(2 ft) / S (12)424
425

should be used to describe the spatially uniform distribution of the temperature and electric426
field in the framework of the continuous medium model. Here, the heat capacities of the427
superconductor Cs and the sheath Cn are taken into account to calculate the heat capacity of428
the tape as follows429

430
C(T)=Cs(T)+(1-)Cn(T)431

432
The heat capacity of silver Cn was calculated in accordance with [35]. The characteristic433
values of the residual resistivity ratio RRR=n(273 K)/n(4.2 K) were varied assuming434
thatn(273 K)=1.4810-6 cm according to [35]. The sheath resistivity n as a function of435
temperature and magnetic field was approached by the relations proposed in [35], [36]. The436
dependence of the critical current on the temperature is approximated by (4). The following437
parameters a = 0.019 cm, b = 0.245 cm,  = 0.2, n = 10, Ec = 10-6 V/cm, TcB = 26.12 K were438
set.439

440
Figures 12 and 13 show the existence of the stability boundary of AC overloaded regimes,441
which takes place at f = 10 Hz during current charging into the superconducting tapes with442
different critical currents and resistivity of sheath. The critical current of the tape was equal to443
56.6 A for the calculations presented in figure 12 and 566 A for the results illustrated in figure444
13. The calculations show that the thermal runaway values of electric field, current and445
temperature equal Eq = 3.5710-6 V/cm, Iq = 74 A, Tq = 6.91 K and Eq = 2.910-6 V/cm, Iq = 573446
A, Tq = 5.9 K, respectively to the above-mentioned critical currents for the superconducting447
tapes with high resistive sheath (RRR=10).448

449
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450
Fig. 12. Stable and unstable evolution of temperature (a) and heat generation power (b)451
near the stability boundary at Jc0=1.52A/cm2.452

453

454
Fig. 13. Stable and unstable evolution of temperature (a) and heat generation power (b)455
near the stability boundary  at Jc0=1.52A/cm2.456

457
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It is seen that the typical transient stable and unstable modes will be observed in458
superconducting tape near the AC stability boundary. Thereby, the limiting peak current459
exists and it defines the stability boundary of the AC overloaded operational regimes, which460
are either maintained or lost superconducting properties. Accordingly, the stability boundary461
is uniquely specified by the dynamic equilibrium between the averaged values of Gav and462
Wav at average thermal runaway temperature Tav,q (figure 14). Besides, the current of AC463
instability, induced electric field and temperature are also higher than the corresponding464
critical values. However, the AC heat generation at RRR=10 and, thereby, the temperature465
of the tape with high resistive matrix are less before instability than in the case of a466
superconductor without stabilizing matrix. This result is due to the low engineering value of467
the critical current density of the tape that is equal to Jc. The simulation also shows that the468
lower the critical current, the higher the influence of the sheath resistivity on the operating469
modes before instability. In particular, the lower the resistivity, the higher the current in the470
sheath (figure 15). As a result, stable AC losses and the temperature rise at RRR=100 will471
be essentially exceed the ones in the case RRR=10. These regularities are due to the472
damping effect of the sheath. Along with this, the sheath influences on the evolution of its473
stable AC overloaded regimes. Figures 16 and 17 show the features of the formation stages,474
which take place in a superconducting tape before instability onset. Accordingly, there are475
four stages only at very low frequency of the charged current (figure 16). As calculations476
show, the first stage, which must exist just after Im, is practically very short at f < 3 Hz for the477
tapes under consideration. Therefore, it is absent at f=10 Hz (figure 17). As a result, the478
current and the electric field start to decrease simultaneously in the first stage. Then the479
electric field and the temperature in a tape decrease at the second formation stage (|I(t)| < Iq)480
when the current changes in the range from tTmax to tTmin. Finally, in the third stage, the481
temperature of a tape starts to increase as |I(t)| > Iq. However, this stage does not lead to the482
instability onset because there takes place stable balance between averaged values of the483
heat generation and the cooling power (figure 14).484

485
These peculiarities affect the AC voltage-current characteristics of superconducting tapes.486
Figure 18 shows the results of the corresponding calculations that should be taken into487
consideration during experiments. It is clearly seen vanishingly short duration of first stage488
that exists between Im and Emax. As a result, the limiting currents depend weakly on the489
frequency (figure 19). However, the higher the critical current or the lower the matrix490
resistivity, the higher the limiting peak currents.491

492
To understand this AC behavior of superconducting tapes, let us analyze the relation between493
dE/dt and dI/dt in the range E > 0. It may be written as follows494

495
               

  
    

1/n

c m
2

c m

1/n

c

m c

G(T) W(T) dJ d1 dI E 1 E
S dt C(T) dT E dTdE

dt J (T)1 E
nE E

496

497
according to equations (10) – (12). It shows that the duration of the first time window498
Δt=tEmax-tm is the function of the frequency, the conditions of heat exchange, the volume499
fraction of a superconductor, temperature dependences of the critical current density,500
resistivity of sheath and heat capacity. Namely, the first time window will be lower when the501
current frequency and the heat capacity will be higher or the critical current density of a502
superconductor, the value d(ηJc)/dT, difference between the heat generation and the cooling503
power will be lower. As the limiting current-carrying capacity of high-Tc superconducting504
tapes depends on Δt, then these peculiarities lead to the fact that AC current instability505
conditions will depend weakly on the frequency. This conclusion is proved by figure 19506
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depicting also that the sheath of tape has effective damping properties in the AC instability507
phenomenon.508

509

510
511

512
Fig. 14. Averaged values of heat generation and cooling power as a function of average513
temperature near AC stability boundary at different values of the critical current and514
matrix resistivity: (a) - Jc0=1.52A/cm2, (b) - Jc0=1.52A/cm2.515
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516
Fig. 15. Influence of RRR on the current distribution in a tape before instability.517

518

519
Fig. 16. Stable formation stages of charged current, temperature and electric field at f =520
1 Hz, Jc0=1.52A/cm2 and RRR=100.521
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522

523

524
Fig. 17. Stable formation stages of operational states at f = 10 Hz and different values of525
the critical current and matrix resistivity: (a) – charged current, temperature and electric field at526
Jc0=1.52A/cm2 and RRR=10, (b) – charged current and temperature at Jc0=1.52A/cm2 and527
RRR=100, (c) – charged current and temperature at Jc0=1.52A/cm2 and RRR=100.528

529
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530

531
Fig. 18. Voltage-current characteristics of superconducting tape during stable AC532
overloaded regimes at different values of the critical currents, frequencies and RRR:533
(a, b) - Jc0=1.52A/cm2 ; (c, d) - Jc0=1.52A/cm2 .534

535
Fig. 19. Influence of the current frequency on AC limiting current-carrying capacity of536
superconducting tape.537
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538
5. CONCLUSION539

540
The current instability mechanisms are studied during AC overloaded regimes in high-Tc541
superconductors and superconducting tapes. It is shown that the stable formation of AC542
overloaded regimes has the stages, which are defined by characteristic time windows. They543
exist due to the dynamic thermal equilibrium between the average values of heat generation544
and the average values of heat removal to a coolant despite the high stable overheating of a545
superconductor and the induced electric field. Therefore, the high-Tc superconductors may546
save the superconducting state during the AC overloaded modes or jump into an unstable547
state during ones. This feature defines the existence of the maximum value of the peak548
current of stable AC overloaded regimes at the given frequency and cooling conditions. In all549
cases, this value is higher not only the critical current of a superconductor but also the550
corresponding thermal runaway current defining the current stability boundary in the DC551
regimes. Besides, stable peak values of the electric field and temperature are also higher than552
the related thermal runaway values.553

554
Thus, the presented results prove that the application of the AC overloaded regimes for many555
superconducting electro-power devices would be very successful. Besides, they also should556
be taken into consideration when the range of stable losses in high-Tc superconductors is557
defined. In these AC overloaded regimes, the stable temperature rise of a superconductor is558
very high and the standard AC losses theory, which is based on the isothermal approximation,559
cannot be used.560
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648
APPENDIX649

650
Let us investigate in one-dimensional approximation the AC stability problem of current651
charged into superconducting slab considered in Section 3. Suppose that the applied current652
is charged in the y-direction and it has a serrated time mode (triangular-wave) with the653
constant charging rate ±dI/dt and the peak current Im. Accordingly, let us define distribution654
of the temperature, electric field and current density, which are independent of z and y655
coordinates, using the one-dimensional model described by equations (1) - (7). In the656
serrated mode under consideration, the current as a function of time is simulated as657

658
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660
Figure 20 depicts the characteristic stages of the overloaded state evolution during serrated661
time mode. The results presented were obtained numerically under parameters a = 10-3cm, b662
= 10-2 cm, dI/dt=10 A/s, Im=0.93 A, T0 = 4.2 K, Ec = 10-6 V/cm, Jc0 = 1.52104 A/cm2, TcB = 26.12663
K, n = 10. The specific heat capacity and thermal conductivity of the superconductor were664
defined as it was made above. The corresponding values of the critical electric field, thermal665
runaway electric field and thermal runaway temperature are also shown in figure 20.666

667
The results presented show the existence of the characteristic times tm, tEmax, tTmax and tTmin.668
They define the characteristic formation time windows of the AC overloaded states as it was669
formulated above. Namely, t = tm is the time when charged current is equal to the peak value670
of the applied current Im; tEmax is the time when the electric field has the maximum; tTmax is the671
time when temperature of the superconductor has the maximum at which the heat generation672
becomes equal to the heat removal; tTmin is the time after which the heat generation exceeds673
the heat removal and the temperature of superconductor stars to increase. Thus, the used674
one-dimensional approximation proves the general physical conclusions formulated above that675
were made without a large volume of calculations using simplified zero-dimensional676
approximation.677



Fig. 20. One-dimensional simulation of thermo-electrodynamics states of superconductor in the
overloaded serrated time mode.
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