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ABSTRACT

The AC current instability mechanisms are investigated in high-T. 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-T. 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. INTRODUCTION

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

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

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

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

2. THERMO-ELECTRODYNAMICS MODELS

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

Let us consider a superconductor with a slab geometry (-a<x<a, -b<y<b, -co<z<cwo, b>>a)
placed in a constant external magnetic field parallel to its surface in the y-direction that is
penetrated over its cross section (S=4ab). Suppose that the applied current is charged in the
z-direction increasing in time as sine function (/=/,sin2xnft) with frequency f and its self-
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magnetic field is negligibly lower than the external magnetic field. Let us describe the
voltage-current characteristic of the superconductor by a power law and approximate the
dependence of the critical current on the temperature by the linear relationship [4,5]. Assume
also that the superconductor has the transverse size in the x-direction, which does not lead
to the magnetic instability. Therefore, the transient one-dimensional equations describing the
evolution of the temperature T(x,f) and the electric field E(x,f) inside the superconducting
slab is independent of z and y coordinates and may be written as follows

C(T)gzi(k(T)gj+EJ (1)
ot ox [5).4

o) O°E

—=——11, t>0, O<x<a (2)
Hoot ™ ax?

Here, the electric field, the current density J(x,f) and the critical current density J.(T,B)
conform the following relationships

E=E,[J/J.(T.B) @)
3T =4s (T =T) /(T Ty) “

For the problem under consideration, the initial and boundary thermo-electrodynamics
conditions are given by

T(x,0)=T, E(x,0)=0, (9)
oT oT

Loty=0 1L _T1= 6
aX(o,t) o,xax(a,t)m[T(a,t) T,]=0, (6)
ﬁ(o,t)zq E(a,t):bﬂ (7)
OX OX 4b dt

Here, C and 1 are the specific heat capacity and thermal conductivity of the superconductor,
respectively; h is the heat transfer coefficient; T, is the cooling bath temperature; n is the
power law exponent of the E-J relation; E. is the voltage criterion defining the critical current
density of the superconductor; J,o and T,z are the known constants at the given external
magnetic field B.

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

dT _ h

CM) =5 (T~ To) + BN (8)

This equation with the relations (3) and (4) describes the uniform time variation of the
temperature and the electric field as a function of charged current /(t)=J(f)S.
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As it is well known, the critical properties of Bi-based superconductors essentially exceed
critical properties of low-T, superconductors in high magnetic fields. This opens up many
kinds of applications of these superconductors. For example, a conduction-cooled Bi2212-
magnet is one of possible new generations of a high field magnet system [23-29]. In this
connection, let us investigate the physical features of stable and unstable AC formation of
thermo-electrodynamics states in the current charging into a Bi2212-superconductor under
non-intensive cooling conditions, which take place in conduction-cooled magnets [25].

Fig. 1 shows zero-dimensional and one-dimensional simulation results of the initial stages of
the stable waveform evolution of the electric field and the temperature in the slab. The insets
show the corresponding curves in more detail. The simulation was made for a initially cooled
Bi,Sr,CaCu,0s slab (a = 10° cm, b = 102 cm) at T;=4.2 K, h=10"W/ (cm*xK) and B=10 T.
The results presented were based on the numerical solution of the problem defined by
equations (1) - (8) at 1,=0.935 A, f = 10 Hz. The specific heat capacity and thermal
conductivity of the superconductor were defined as follows

J 58.5T+22T°, T<10K
Cl—— |=10°x
o -K -10.54x10" +1.28x10°T, T>10K

m){ w }:

cm-K
(-1.234x107° +1.654x10* T +4.608 x10°T* —1.127x10'T° +6.061x107°T*)

According to [30,31], respectively. The parameters of the superconductor were set as
E.=10°V/cm, Jyo= 1.52x10* Alem?, Tes = 26.12 K and n = 10 according to [32].

It is seen that the temperature evolution during the entire current charging mode is
practically uniform in the cooling mode under consideration. Therefore, the electric field
distribution is also practically uniform in the fully penetrated states. Accordingly, these
simulations can be a reason, which permits to use zero-dimensional approximation.
Moreover, to verify the formation features of AC thermo-electrodynamics states formulated
below in the framework of the zero-dimensional model, the one-dimensional simulation of
serrated current charging mode is presented in Appendix. By that, the below-discussed
results were carried out under zero-dimensional model described by equations (3), (4) and
(8) without a large amount of computing.
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Fig. 1. Zero-dimensional (0D) and one-dimensional (1D) simulation of electric field (a)
and temperature (b) induced in the AC regime: --- - 0D, —— - 1D, x=a, ...... - 1D, x=0

992



Physical Science International Journal, 4(7): 988-1014, 2014

3. AC STABILITY MECHANISMS OF SUPERCONDUCTING STATES

Fig. 2 shows the variation in time of the electric field, the temperature, the heat generation
(G = E(tJ(t)) and the heat removal power (W = h(T-Ty)/a) in the considering
superconducting slab at f = 10 Hz and different values of the peak current leading to the
stable or unstable regimes. The corresponding curves calculated at f = 100 Hz are
presented in Fig. 3. In these cases, the critical current of the superconductor and the thermal
runaway current are equal to /; = 0.61 A and I, = 0.87 A, respectively. The corresponding
thermal runaway values of the electric field and the temperature are equal to E; = 9x10°
Vicm and T, = 6.16 K. They follow from the results presented in [33].

It is seen that stable and unstable AC regimes may exist in both input and output current
charging modes. For example, the curves 3-5 in Figs. 2a and 2b correspond to the stable
dynamics of the electric field and the temperature. They depict that the peak currents
exceed not only the critical current but also the thermal runaway current. Therefore, the
maximum stable values of electric field |E.x| and temperature T,.x are very high during
these AC loads. Moreover, the corresponding peak values of the electric field and
temperature are larger than the conformable thermal runaway values. This feature is due to
very high stable heat power generated in the superconductor. Indeed, the peak value of the
heat generation exceeds 20 Wiem® during operating mode under consideration. It exceeds
the cooling power practically over 3 times. However, the superconducting properties of the
slab are not destroyed in these intensive AC regimes despite such a significant difference.
They may be defined as the overloaded regimes.

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

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

Thus, the limiting peak current must exist during AC regime. Therefore, if operating peak
currents are below the Ilimiting peak current then a superconductor saves its
superconducting state. Otherwise the superconducting state is destroyed. This idea permits
one to find the stability boundary of the AC regimes in the experiments during which two
characteristic peak values will be determined. By that, the minimum peak value of charging
current will correspond to the upper stable value of the peak current charged into the
superconductor despite its high stable overheating. Accordingly, the maximum value of them
will define the peak current at which the AC regimes are unstable.
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Fig. 2. Stable and unstable evolution of electric field (a), temperature (b), heat
generation and cooling power (c) at f=10 Hz
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Let us discuss the mechanisms underlying the stable formation of AC overloaded regimes.
Figs. 4 and 5 present the modeling results of the current charging when frequency has low
or high values. They demonstrate the existence of the characteristic stable stages. The
dynamics of the current, electric field and temperature is shown in Fig. 4a that take place
after some transition time at f= 10 Hz and I, = 0.939 A. The corresponding curves depict the
heat removal and the heat generation in Fig. 4b. Fig. 5 illustrates the calculation results
made at f = 100 Hz and /, = 0.991 A. These figures allow one to explain the existence of
stable AC overloaded regimes showing the presence of characteristic formation stages.
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Fig. 4. Stable stages of AC overloaded regime at /,,= 0.939 A and f=10 Hz:
a — charged current, temperature and electric field induced in superconductor, b — heat generation and
cooling power
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First of all, let us discuss the operational states that take place in the current charging with
low frequency. In this case, the first stage starts at t = f,, when the charged current equals
peak value /. This stage exists in the interval t,, < t < fgnax- Here, temax is the time when the
induced electric field has maximum (Fig. 4a). In this stage, the electric field and the
temperature still increase from the corresponding values E, and T,, despite the fact that the
charged current decreases. Accordingly, increasing in the time the heat generation in a
superconductor (G) exceeds the heat removal (W). At the same time, the heat generation
has maximum at t = tzax (Fig. 4b) after which the charged current becomes less than the
corresponding value of the thermal runaway current /, and an induced electric field begins to

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

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

will be discussed below.

In the second stage that begins at t > fz,ax the induced electric field start to decrease. This
stage takes place due to the fact that the charged current not only decreases in time but
becomes less than the thermal runaway current (/(f) < ;). At the same time, the heat
generation, which decreases, still is larger than the increasing in time the heat removal in the
interval temax < t < trmax, as figure 4b depicts. Here, 1o« is the time where the heat generation
equals the heat removal and then the temperature of a superconductor has maximum. That is
why the temperature of the superconductor continues to rise in the second stage (Fig. 4a).
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The mutual decrease of the charged current and the induced electric field leads to the stage
when the heat generation becomes less than the heat flux to the coolant. It is the third stage
beginning at t > tr,.x, Which is characterized by the stable decrease of the charged current,
the electric field and the temperature (Fig. 4a). This stage ends at tri,, Which is the time when
G=W. By that, the heat generation begins to exceed the heat removal in the interval t > try,.
It is the fourth stage when the temperature of a superconductor again rises. At the end of this
stage, the temperature of superconductor is equal to the conformable value T, when the
electric field and the current are equal to the corresponding peak values —E,, and -/,
respectively. Other AC stages repeat above-discussed ones and the stable evolution of the
AC overloaded regime goes on.

Fig. 5 demonstrates the effect of high frequency on the formation of the AC stages. It is seen
that the duration of the first stage (t,, < t < femax) Mmay essentially decrease. It becomes very
short in comparison with the first stage that takes place at the low frequency. To be exact, the
electric field practically starts to decrease when the charged current begins to decrease after
tn- Note that there exist operating regimes when the first stage may be absent. It is due to the
fact that the frequency is high and the time, during which the instability develops, is short. The
next stage exists at t > fgo- The electric field and, thus, the heat generation begin to
decrease in this stage. However, the temperature of superconductor increases because the
charged current is still in the unstable range (/(f) > ;). The decreasing in time the heat
generation leads to a time when the heat generation is equal to the cooling power. Therefore,
the finish time boundary of the second stage is defined by .y, as discussed above for the
low frequency current charging. At the same time, the value tr,.x is also defined by the
condition /(f) = I,, as it follows from figure 5. It is the result of peculiarity according to which the
charged current must be stable in the third stage (frmax < t < trmin) @and the temperature will
decrease at /(f) < I,. The condition /(t) = I, also defines the try,, after which the charged
current is not in the stable range, as it depicts Fig. 5. (Note that the value try;, also follows
from the balance condition between heat generation and cooling power.) Consequently, the
temperature of superconductor starts to increase in the fourth stage (t > trnn) because the
charged current is higher than the thermal runaway current.

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

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

dE _ ﬂ+[G(T)—W(T)]S d, | E tin E [ijwn "
dt |dt  cm [dT
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that takes place in the current range when E > 0. It shows how difference between the
maximum values of the current and the electric field depends on the mutual dynamics of
charged current, induced electric field and temperature, in particular, frequency or the
temperature dependences of the critical current of superconductor and its heat capacity.
Indeed, the first discussed stage occurs when dl/dt < 0 and G > W. As follows from Figs. 2
and 3, the lower frequency, the higher difference between G and W and the higher induced
electric field. Therefore, according to the equality (9), the higher frequency, the lower duration
of the first stage. Moreover, the lower frequency, the higher temperature rise of
superconductor, and then the higher influence of heat capacity. As a whole, when the
condition
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(G—W)S% E 1/n
C |dT|(E,

takes place then difference between t,, and t:,ax Will be practically absent. Thus, the limiting
peak current will weakly depend on the frequency when the latter will exceed the
characteristic value.

di
dt

t:tE max —
~'Emax

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

1] 17 11
Tav:L([Tdt, Gav=¥£Gdt, WaV:R[Wdt-

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

Gav( Tav,q) = Wav( Tav,q)v aGav( Tav,q)/aT = aWav( Tav,q)/aT

in the zero-dimensional approximation. Here, T, is the average thermal runaway
temperature (Figs. 7a and 8a).
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Fig. 10 shows the dependence of the maximum possible changes of temperature, T..x (Fig.
10a); heat generation, G, (Fig. 10b) and current, /. (Fig. 10c) on the frequency in a
superconductor during stable AC overloaded regimes. The corresponding thermal runaway
values of the temperature T, current |, and average thermal runaway temperature T,, 4 are
also depicted. The results presented demonstrate the following features. First, allowable
fluctuations of temperature are very small at low frequency because the current instability may
happen in the first output mode when its duration is relatively large. In this case, the output
time of current is larger than the time of the instability development. Thereby, the values of
Tmax @nd o are close to the corresponding thermal runaway temperature T, and current /.
Second, the stable range of the temperature fluctuation and limiting overloaded currents
increase with increasing frequency because the duration of the first stage decreases. Third, at
high frequencies, the stable range of the peak temperature and average temperature
fluctuation decrease with increasing frequency. The reasons of these features are as follows.
The temperature of superconductor is proportional to the heat dissipation. It will have
maximum (figure 10b) as, first of all, the maximum value of the peak electric field will be also
non-monotonous function of frequency. Indeed, the induced electric field will increase with
increasing current frequency at small values of f. At the same time, it will be decreasing
function of the frequency at their high values because the higher frequency, the smaller the
time during which the maximum value of the peak electric field is reached. Fig. 11 depicts the
corresponding dependences of the dynamics of induced electric field and temperature on the
frequency.

i | =0.991A

Gav i
5%
P L
S < l"M“““”|“'{'”!, A
o o : % ““
X )
) g I @

i Time (s)

(k) Time (s)
Fig. 8. Stable evolution of temperature and average values of temperature (a), heat
generation and cooling power (b) at =100 Hz
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Fig. 9. Average values of heat generation and cooling power as a function of average
temperature near AC stability boundary:
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Current (A)
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Fig. 10. Influence of the frequency on the limiting stable values of the temperature
peak, average thermal runaway temperature (a), heat generation (b) and peak values
of current (c)
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the values of /,,x monotonously increase to the saturated value even when

Along with this,

the temperature of the fluctuations decreases and tends to its limit that equals T, at high

frequency. This existence of the saturated value of |

peculiarities of all stages discussed above.

is a result of the formation

max

4. AC INSTABILITY OF SUPERCONDUCTING WIRES AND TAPES

Let us investigate the stability mechanisms of AC overloaded regimes in the high-T,

superconducting tape -a<x<a, -b<y<b, -c0<z<w, b>>a). Let us assume that
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- The silver-sheathed Bi,Sr,CaCu,0g superconducting tape with the cross-sectional
area S=4ab has filaments with small transverse sizes, which are evenly distributed
over a cross-sectional of a tape with the volume fraction coefficient #;

- The external magnetic field is parallel to its surface and penetrates over the cross-
sectional area of tape;

- The applied sinusoidal current is charged in the z-direction and its self-field is
greatly less than the external magnetic field.

The results of the simulation discussed below were made at Ty=4.2 K assuming that the
background magnetic field is equal to B=10 T and the heat removal conditions on the
surfaces of the tape are close to the conduction-cooling condition (h=10‘3 W/(cmzK)). The
values of the critical current density J.,, peak current I, and sheath resistance p, were
varied.

Under these assumptions, the following zero-dimensional set of equations

C(T)dT /dt =-h(T-T,)/a+E(t)J(t), TO)=T, (10)
E(t) =E,[J,(t)/ J,(T,B)]" =J,(t)p,(T,B), E(0)=0 (11)
Jt)=nJd, (t)+ (1= (1), J(t) =1 sin(2xft)/S (12)

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

C(T)=nCs(T)+(1-M)C(T)

The heat capacity of silver C, was calculated in accordance with [35]. The characteristic
values of the residual resistivity ratio RRR=p,(273 K)/p,(4.2 K) were varied assuming
that p,(273 K)=1.48x10° Q.cm according to [35]. The sheath resistivity p, as a function of
temperature and magnetic field was approached by the relations proposed in [35,36]. The
dependence of the critical current on the temperature is approximated by (4). The following
parameters a = 0.019cm, b =0.245cm, n=0.2, n =10, E; = 10° V/icm, T.5 = 26.12 K were
set.

Figs. 12 and 13 show the existence of the stability boundary of AC overloaded regimes, which
takes place at f = 10 Hz during current charging into the superconducting tapes with different
critical currents and resistivity of sheath. The critical current of the tape was equal to 56.6 A
for the calculations presented in Fig. 12 and 566 A for the results illustrated in Fig. 13. The
calculations show that the thermal runaway values of electric field, current and temperature
equal E; = 3.57x10° Viem, l,=74 A T,=691Kand E; = 2.9x10° V/em, I,=573 A, T;=59
K, respectively to the above-mentioned critical currents for the superconducting tapes with
high resistive sheath (RRR=10).
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Fig. 13. Stable and unstable evolution of temperature (a) and heat generation power (b)
near the stability boundary at J.,=1 .52x10° Alem’

It is seen that the typical transient stable and unstable modes will be observed in
superconducting tape near the AC stability boundary. Thereby, the limiting peak current
exists and it defines the stability boundary of the AC overloaded operational regimes, which
are either maintained or lost superconducting properties. Accordingly, the stability boundary
is uniquely specified by the dynamic equilibrium between the averaged values of G,, and
W,, at average thermal runaway temperature T,, 4 (Fig. 14). Besides, the current of AC
instability, induced electric field and temperature are also higher than the corresponding
critical values. However, the AC heat generation at RRR=10 and, thereby, the temperature
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of the tape with high resistive matrix are less before instability than in the case of a
superconductor without stabilizing matrix. This result is due to the low engineering value of
the critical current density of the tape that is equal to 7J;. The simulation also shows that the
lower the critical current, the higher the influence of the sheath resistivity on the operating
modes before instability. In particular, the lower the resistivity, the higher the current in the
sheath (Fig. 15). As a result, stable AC losses and the temperature rise at RRR=100 will be
essentially exceed the ones in the case RRR=10. These regularities are due to the damping
effect of the sheath. Along with this, the sheath influences on the evolution of its stable AC
overloaded regimes. Figs. 16 and 17 show the features of the formation stages, which take
place in a superconducting tape before instability onset. Accordingly, there are four stages
only at very low frequency of the charged current (Fig. 16). As calculations show, the first
stage, which must exist just after I, is practically very short at f < 3 Hz for the tapes under
consideration. Therefore, it is absent at /=10 Hz (Fig. 17). As a result, the current and the
electric field start to decrease simultaneously in the first stage. Then the electric field and the
temperature in a tape decrease at the second formation stage (|/(f)| < /;) when the current
changes in the range from trnax t0 trmin- Finally, in the third stage, the temperature of a tape
starts to increase as |/(t)] > l;. However, this stage does not lead to the instability onset
because there takes place stable balance between averaged values of the heat generation
and the cooling power (Fig. 14).

These peculiarities affect the AC voltage-current characteristics of superconducting tapes.
Fig. 18 shows the results of the corresponding calculations that should be taken into
consideration during experiments. It is clearly seen vanishingly short duration of first stage
that exists between /I, and E,.x. As a result, the limiting currents depend weakly on the
frequency (Fig. 19). However, the higher the critical current or the lower the matrix resistivity,
the higher the limiting peak currents.

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

1/n
E) 1-ndong
E. P dT

1d|+[G(T)—W(T)]{ ‘dJc

gE St c(T) dT
dt - (M E)"
pPm NE (E

according to equations (10) — (12). It shows that the duration of the first time window
At=temax-tm is the function of the frequency, the conditions of heat exchange, the volume
fraction of a superconductor, temperature dependences of the critical current density,
resistivity of sheath and heat capacity. Namely, the first time window will be lower when the
current frequency and the heat capacity will be higher or the critical current density of a
superconductor, the value d(nJ.)/dT, difference between the heat generation and the cooling
power will be lower. As the limiting current-carrying capacity of high-T. superconducting
tapes depends on At, then these peculiarities lead to the fact that AC current instability
conditions will depend weakly on the frequency. This conclusion is proved by Fig. 19
depicting also that the sheath of tape has effective damping properties in the AC instability
phenomenon.
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5. CONCLUSION

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

Thus, the presented results prove that the application of the AC overloaded regimes for
many superconducting electro-power devices would be very successful. Besides, they also
should be taken into consideration when the range of stable losses in high-T,
superconductors is defined. In these AC overloaded regimes, the stable temperature rise of
a superconductor is very high and the standard AC losses theory, which is based on the
isothermal approximation, cannot be used.
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APPENDIX

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

dl
- 1<t
I()=9 4 I '
LT (=) by <U <ty G ==k, k=123
dt 0

Fig. 20 depicts the characteristic stages of the overloaded state evolution during serrated
time mode. The results presented were obtained numerically under parameters a = 10 %cm,
b =10%cm, dl/dt=10 Als, 1,=0.93 A, To= 4.2 K, E.= 10° V/em, Jy = 1.52x10* Alem?, Teg =
26.12 K, n = 10. The specific heat capacity and thermal conductivity of the superconductor
were defined as it was made above. The corresponding values of the critical electric field,
thermal runaway electric field and thermal runaway temperature are also shown in Fig. 20.

The results presented show the existence of the characteristic times f, femax, frmax and trmin.
They define the characteristic formation time windows of the AC overloaded states as it was
formulated above. Namely, t = {,, is the time when charged current is equal to the peak value
of the applied current I,; temax is the time when the electric field has the maximum; tr,.x is
the time when temperature of the superconductor has the maximum at which the heat
generation becomes equal to the heat removal; tr, is the time after which the heat
generation exceeds the heat removal and the temperature of superconductor stars to
increase. Thus, the used one-dimensional approximation proves the general physical
conclusions formulated above that were made without a large volume of calculations using
simplified zero-dimensional approximation.
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Fig. 20. One-dimensional simulation of thermo-electrodynamics states of
superconductor in the overloaded serrated time mode
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