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INTRODUCTION

During the past few years superconducting materials, which retain

their superconducting properties at liquid helium temperature (~4.2 K) in
2

Strong magnetic fields and can handle current densities of up to 10 kA/mm ,

have been developed.

With use of these materials, power devices Incorporating the

advantages of superconductivity can be constructed. These power devices

feature primarily superconducting magnets, solenoids, and superconducting

cables.

There are distinct advantages in using dc current for superconducting

power circuits. For example, superconducting magnets, solenoids, and

storage rings require a dc power supply, and superconducting dc power

transmission cables have many advantages over ac cables. However, a direct

input of dc current into a cryogenic environment containing superconducting

devices invariably causes a large heat influx. The more advanced current

leads have a heat leak of ~1 mW/A if the heat transfer between the lead and

the gas coolant is good. In a superconducting circuit decoupling devices,

especially current transformers, can be used to eliminate heat influx through

high current leads. However, superconducting devices as a rule are used at

liquid helium temperature (4.2 K), and the ordinary superconductors widely

used in power engineering cannot be employed at such low temperatures without

further research because the semiconductor's mobility is low and the

abundance of free carriers increases the voltage drop across it, which

eventually changes it into an insulator. Because an impurity zone is present,
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the extrinsic semiconductors have free electrons and holes that conduct the

current. However, since the density of these carriers is usually much

lower in most semiconductors than in metals, these materials exhibit super-

conducting properties at very low critical transition temperatures.

25Nonethelsss, research in this area is continuing. Superconducting

properties have been discovered in germanium telluride (GeTe), in tin

telluride (SnTe), and in strontium titanate (SrTiO-). The critical

transition temperature of these materials is in the range T « 0.1*0.4 K.

Strontium titanate with an admixture oi niobium exhibits the highest

transition temperature, T » 0.43 K. Ceramic compounds, which are mixed

titanates, also have superconducting properties. Compounds such as

(Ba Sr, )TiO_ and (Ca Sr. )TiO_ at- x £ 0.1 and y £ 0.3 are superconductors

whose critical temperature is roughly in the same region as that of

strontium titanate. The highest transition temperature observed in ceramic

compounds is T • 0.55 K. Theoretically the critical transition temperature

25can be increased in superconductors with low carrier density.

In principle, therefore, transformers capable of working directly

in a superconducting circuit can be built by using semiconductors; however,

successful realization of this goal will depend on advances in solid state,

physics.

Cryotrons, which use the critical magnetic field of the supercon-

ducting material to obtain an asymmetric V-I characteristic, are currently

widely used as switches in superconducting circuits.
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Can present-day cryotrons be used in power systems, and to what

extent might they be useful in future cryogenic systems?

These are some of the problems discussed in this review article.

1. CRYOTRONS - THEIR CIRCUITS AND DESIGN

The development of high current cryotrons for power systems began

in the early 1960*8 in Che wake of the discovery of superconducting materials

with high critical magnetic fields. These materials were used to construct

superconducting solenoids and electromagnets, much of which require a current

supply >1000 A. Direct input of such a current into a cryostat can cause a

large heat influx, which for current leads not cooled by the evaporating gas,

according to Fasel and Olsen, is 40 mW/A. This value can be reduced to

1 mtf/A by using improved current leads if the heat transfer between the

evaporating gas and the lead is good, power supplies with a transformer and

cryotron rectifier are used to eliminate heat influx through the current

leads. The transformer's primary receives a low ac current through the

current leads, and the secondary with a cryotron rectifier produces a strong

rectified current for th,s superconducting solenoid. Since the transformer,

cryotrons, and solenoid coil are in the low temperature region, the influx

of heat from the surroundings through the high current circuits is eliminated.

1.1. Superconducting Materials Used as Rectifiers

1.1.1. Duality of the Phase States of a Superconductor.

Materials exhibiting superconducting properties can retain them only within

a limited range of temperatures and magnetic field strengths; i.e., super-
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conductors can be in one of two phase states - the superconducting state

(narked by almost total absence of resistance) and the normal or resistive

state, which is accompanied by the usual resistance in a given conductor

as determined by its size, material properties, and temperature. The phase

diagrams of some superconductors are shown in Fig. 1 taken from Ref. 24.

This duality is a prerequisite for using superconducting materials as

rectifiers.

1.1.2. Thermal Switches. A switch element can work as a

rectifier if the critical parameters can be varied freely on both sides of

the boundary value of the phase diagram in Fig. 1. If the critical parameter

is the temperature, the thermal switch will work as a warning device or a

breaker.

In the literature the term thermal switch is also

applied to devices controlled by magnetic field, which change the heat

conductivity of the material through transition from the superconducting

to the normal state and back to the superconducting state. Thus we have a

device in which the electrical characteristics of the conductor change under

the influence of temperature. The temperature can be changed by the control

coil (made, for example, from a Nichrome wire) or by varying the pressure of

the gas coolant. Thermal switches generally have low efficiency.

1.1.3. Cryotrons. Cryotrons are used mostly as switches in

superconducting circuits. A schematic diagram of a cryotron is shown in

Fig. 2. The switching process in a cryotron is controlled by the electro-

magnetic field, which must be critical (fl ) for the controlled element and
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less than critical for the coil; i.e., to ensure good performance, the

controlled element, which is the cryotron's valve or rectifier, must be

made of a material whose critical field is lower than that of the control

coil.

If the coil carries current i , the field produced by

this current will cause the valve to go from the superconducting to the

normal state. The coil, however, will remain superconducting. The resistance

produced in the valve will reduce the current I. Thus the current I passed

through the valve is controlled by the low current of the control coil.

These devices, based on the relay principle, are used as high-speed switches

in computers. Heavy-duty, high-current cryotrons can be used to control the

current in superconducting solenoids and magnets.

1.1.4. Mechanical Switches. Relay systems, based on the

principle of mutual attraction and repulsion of two superconducting current

coils, are used to obtain practically infinite resistance in an open super-

23conducting circuit. One of the coils is mounted in a fixed position while

the other can move relative to the fixed coil. Each coil has a supercon-

ducting contact whose strength depends on the current in the coils. The

existence of the superconducting state in the gap between the two supercon-

ducting contacts separated by thin (a few tens of angstroms) layers of oxide

or insulation is attributed to the tunnel effect. However, besides the tunnel

currents the contacts seem to develop superconducting shcrts, as indicated by

the fact that the critical contact current increases slightly, as a rule,

when the compression force on the contacts is increased. The critical current
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obtained in the experiment is 1 to 10 mA. The best results are obtained by

using pure lead spherical contacts coated galvanically with a thin layer of

tin. The critical contact current was 13,3 A at a current of 4 A in the

soils (corresponding to a 800-gram compression force on the contacts). In

same experiments a critical contact currant of 16 A was recorded.

The advantage of these svitches is that they have

practically infinite resistance when the circuit is open; the disadvantages

are those possessed by all mechanical switches (vibration, noise, etc.) and,

in addition, instability and a fairly low critical contact current.

1.1.5. Fault-Current Tripping Devices. Automatic supercon-

ducting switches are used to protect superconducting or ordinary generators

21and transformers. If a short circuit develops near the generator terminals,

the resultant supercritical current and magnetic field will drive the super-

conducting switch normal and its resistance will reduce the fault current. A

damping resistor, a protective device for the switch, is shunted across it.

The fault current is then shunted through the damping resistor, and the

solenoid producing the controlling field prevents the switch from returning

to the superconducting state.

1.2. Power Supply Rectifiers

1.2.1. Automatic Bridge Rectifier. A superconducting bridge

rectifier, developed at the Solid State Physics Laboratory In Switzerland by
q

Fasel and Olsen, is shown schematically in Fig. 3. The ac current supplied

to the transformer T is stepped up while maintaining a low voltage U . The
s



rectifier consists of four rectifying cells, A, B, C, and D, shown

schematically in Fig. 3. The V-I characteristic of these cells is shown

in Fig. 5. The controlling field whose vectors (Hg) are shown in Figs.

3 and 4 is produced by the coil, not shown in the figures. The field H

is produced by the current I in Sec. A, B, C, and D. When the direction of

the field H is the same as that of H , the net field strength is greater

than the critical (H + H > H ) and the rectifier is in the normal state.
6 S C

When the fields H and H buck each other (Fig. 4 ) , the resultant field
e s

strength is less than the critical (H - H < H ) and the rectifier becomes

superconducting. If the voltage from the transformer's secondary is applied

across the input of the bridge consisting of the four rectifying cells A, B,

C, and D, then* depending on the polarity of the half-waves of the applied

voltage, a resistance is built up alternately in one of the pair of branches

A and D o r E and G, while the other pair remains superconducting. The total

constant polarity voltage is applied at this time across the load. A change

in direction of H changes the polarity of the output voltage. Since in

practical applications the rectifier should have as high electrical

resistivity as possible, lead with 1% Bi was used as the construction material.

An additional admixture, however, would have increased its resistivity to the

point at which it would become a type II superconductor. This would change

the rectifier's characteristics and increase its losses.

Note that this bridge rectifier has large losses in the

individual arms that are not in the superconducting state, which is a serious

disadvantage. This is attributed to the fact that the nonsuperconduc^ing



8 -

branch of the bridge develops a resistance with increasing current; more-

aver, the inductance causes the current to flow in the arm, and this current

is higher than the steady current determined by the resistance of the arm,

9 10According to Fasel and Olsen, * the ratio of the

power dissipated in such a rectifier to chat stored in the load is T) = 2.88;

i.e., the energy loss is almost three times higher than the useful energy

stored by the load.

1.2.2. The Buchhold Reactance Cryotron. To reduce the losses

in the switch element during the transition from superconducting to resistive

state and back again, which, in addition to causing some heat transfer

3-6
problems, can prevent its return to superconducting state, Buchhold

designed the circuit shown schematically in Fig. 6. Transformer 5 at 4.2 K

has two superconducting coils (6 and 7). The secondary (7) feeds the load

R-L through the power cryotron (1). A reactance coil (3), which has a

rectangular hysteresis loop, is situated in the circuit between the cryotron

and the load (Fig. 6b). It in assumed that coil 7 in the circuit produces a

square-wave voltage (Fig. 6c). As the reactance coil 3 reaches the saturation

point (point A in Fig. 6b), all the current flows through the low-voltage

superconducting reactance coil. As the sign of the applied voltage changes,

the current begins to decrease and reverses its direction (point B in Fig.

6d and point B1 in Fig. 6b, respectively). This change in direction of the

current produces a bucking voltage in the reactance coil:

\l = -
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A. low magnetizing current will flow in the superconducting circuit (Fig.

6d) during the time the current is changing between, points B' and C

(Fig. 6b>. At the same time the secondary (8) produces a voltage which is

transmitted through control unit 9 to coil 2 of the cryotron. The coil

current is increased until the field produced by the coil becomes critical

for the rectifier material during the time determined by the inductance of

the coil and by the time constant of the control unit. Therefore the size

of the reactance coil 3 was chosen so that the time constant At of its

magnetic reversal would be greater than the magnetizing time of coil 2.

When the reactance coil is driven negative (point D* in Fig. 6b), it does

not produce a voltage drop and the current is

where r is the resistance of the cryotron in the normal state. When the

voltage V again becomes positive, t!ie control unit's differentiating circuit

produces a pulse signal p (Fig. 6f) that de-excites the control coil 2. The

positive current i is delayed in the reactance coil 3 for a time &t (point E

in Fig. 6d). After the rectifier becomes superconducting (the transition to

the superconducting state is shorter than the time At that the current is

delayed in the reactance coil 3 ) , the total current I will again flow in the

superconducting circuit. Since the current i flowing through the rectifier

during the transition to superconducting state is small, the losses and

heating are negligible.
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A pt«?er cryot'on in corsb-Jryicio:; with a reactance coil

has the properties of a conventional controlled rectifier (large forward

current and small back current), which Buchhold called a reactance cryotron.

Buchhold's model was based on the full-wave rectifier

with a reactance cryotron shown schematically in Fig. 7. The cryotrons

were made of 0,025-tnm-thick niobium tape. A square-wave voltage with a

frequency of 10 Hz was used for the transformer to allow a sufficient

-3
cutoff time for the cryotrons. The inductance of the load was L = 1.8 x 10 H,

and the peak rectified current was 500 A at 3 W. The energy stored by the

induction coil was 225 joules.
9

According to Fasel and Olsen, the ratio of the energy

dissipated in the rectifier to that stored in the coil of the Buchhold1s

model is

0,11,:

i.e.* Buchhold's model has the lowest losses and highest efficiency of all

the superconducting power supplies described in the literature.

After testing his model Buchhold was convinced that

with sufficient research superconducting power supplies with muitithousand

ampere rating and virtually any outpi power could be produced•

1.2.3. Commercial Frequency (60 H2) Superconducting Flux Pump.

The superconducting transformers examined above were designed to operate at

6 to 10-Hz ac current. Britton at Brookhaven National laboratory developed a
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2
superconducting transformer for use at 60 Ha. The electrical circuit for

this flux pump, shown in Fig. 8, has a 60-Hz 120-V single-phase power

supply, which consists of a step-down auto transformer and a capacitor for

90 Q phase shift. The two cryotrons are connected in series across the

secondary of the transformer, and the load, or driven device (shown as a

magnet), may bs connected across either switch element. Note that a pair

of diodes are used in the switch drive. These provide a dc bias current

which builds up and circulates through the two switch coils. The relative

levels of bias current and ac current in the switch coils are controlled by

the variable resistor across the diodes. Without thee diodes and the bias

current, the switches would open and close 120 times/sec rather than the

desired 60. Assume that a single load is being charged with current or

pumped up in flux level. The cycle begins whan the line switch (right-hand

side in Fig. 8) opens. The transformer (with current lagging 90° behind

switch coil current) then draws in a quantity of flux. The line switch now

closes and the load switch opens, and the transformer forces its flux out

through the load switch and into the driven circuit.

These switches should never overlap in the open state

or the device will rapidly discharge. This can produce a dump of the entire

energy of the device into the switch elements in a short time. To reduce the

possibility of melting the switch elements in this manner, a resistor is

placed across each switch element.

The superconducting transformer built at BNL can

produce a peak current of 500 A but will normally run at 240 A. The total
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flux-pump losses are ~1 W at a maximum output of 5 W and <0.5 W during

steady-state operation.

The second flux pump, also being developed at BNL,

will power a dipole magnet to 12QQ-A peak current and will normally run at

900 A. To charge this magnet in 1/2 hr the pump must deliver 50 W or

~5Q irW at peak current.

1.2.4. Superconducting Power Rectifiers. Ferrier investigated

the possibility of developing superconducting power rectifiers for delivering

dc current to consumers. In his paper he explains the principle of super"

conducting rectifiers and shows that two basic problems, namely production

of a controlling field and investigation of the properties of the active

material, must be solved before superconducting power rectifiers can be built.

To produce the controlling field two circuits using magnetic cores have been

proposed.

The first circuit, "automatic field control," consists

of three magnetic circuits (Fig. 9) corresponding to phases a, b, and c of

the superconducting transformer's secondary. Each magnetic circuit has

three coils. The firsC coil carries the current i of the phase being

investigated; the second coil, which carries the total rectified current I,

has the same number of turns n as the first one but is wound in the opposite

direction; and the third coil, an independent coil with N turns, carries the

ripple current j.
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The electric circuit of each phase passes through the

switch element of the cryotron, which is located in the air gap of the

magnetic circuit of the phase.

If the current is carried by phase a, then ifl = I and

the total magnetic field in the gap produced by the two coils is close to

zero. The switch element of phase a remains in the superconducting state.

At this time the magnetic circuits of phases b_ and £ have a magnetic flux

in the gap produced by current I, and the switch elements of these phases

are in the normal state if the field in the gap produced by current I is

higher than critical. To achieve switching, a ripple current j, of such

amplitude that Nj = nl, must be conducted through the third coil. If the

time constant of the circuit with the ripple current j is chosen correctly

and its coil direction is correct, then the value

- hig-Nj :

will be sufficiently close to zero as i, increases and j decreases.

The pulsating magnetic field is produced by discharging

the condenser in the circuit with low attenuation losses. According to

15 2

Ferrier, the minimum dissipated power of this device is 3.7 ^ H per unit

volume.

The other device shown in Fig. 10 uses saturated

magnetic circuits.
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The dc currents i., in* an<i i3 can. be transmitted

through the superconducting coils because they are located in a sufficiently

weak stray field. The current i to be rectified is carried by two coils

mounted on two magnetic cores, (I) and (II).

The losses in the control circuit for magnetization

of three cavities, each 1 m , with a maximum field of 3 Tesla are <540 kW.

A disadvantage cf this device, however, is that it requires six large

magnetic cores.

It is apparent that the magnetized space must be

reduced; i.e., the size of the switch element must be reduced. On the other

hand, the switch element must be as large as possible because its back

resistance, which determines the back currents and the losses, can be

increased at a given resistivity only by increasing the size of the switch

element.

Ferrier obtained the following equation correlating

the size of the switch, its efficiency, and the rectifier power:

where p is the rectifier power, W; p is the resistivity of the material5
2

Q/m; Jc ia the critical current density, A/m.; and 1/J[ is the loss factor.

Although the numerical coefficient 6.16 in the

equation has not been verified, Ferrier is correct in assuming that the

product pj is the best physical parameter for determining the properties
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of a material for superconducting transformers. This parameter should be

as large as possible. According to Ferrier, to build a 1QQ0-MVA supercon-

ducting transformer capable of competing with existing conventional trans-

formers, this parameter should be

J>Je*

However, the critical magnetic field of the material should not exceed

2 Teslas. This value should not be used for all rectifiers and may vary

significantly, depending on its specific designation, the voltage, and the

frequency. Experiments with a low voltage model at a frequency of 7.5 Hz
4

convinced Buchhold that a superconducting power supply capable of producing

thousands of amperes and any output power can be built. The parameter

f»J2 for the available materials is £1Q10 W/m3.c

1.3. Design of Power Cryotrons

The design of power cryotrons capable of carrying currents of

hundreds or thousands of amperes is determined primarily by the physical

requirements described above. The critical field of the cryotron's witch

element should be relatively low and its resistance in the normal state

3«6
should be moderately high. It can be made, for example, from a niobium

ribbon I of width h and thickness d (shown in blown-up form in Fig. lla).

A bifilar ribbon supported and enclosed by the control coil 2 is used to

reduce the inductance of the switch to a minimum and to limit the field
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current. A side view of the cryotron is shown in Fig. lib and the top view

Is shown in Fig. lie.

The tape width h is determined by the current maintaining the

superconducting state (for example, at 400 to 1000 A, h * 12.7 mm, depending

on the quality of the tape).

To obtain the desired electrical resistivity in the resistive

state, the tape must be thin (it is ~0.025 mm in Ref. 5), and its length

must be determined from the electrical resistivity of the material, which

in turn depends on the material's purity. The cryotron is shown in cross-

section in Fig. lid. Laminated iron (3) (not shown in Figs, lib and lie)

was used to short out the magnetic flux and also as a structural material

to support coil 2. Magnetic lines of force (4) result from magnetizing the

coil; this produces strong local fields at the tape's edges which, if

sufficiently strong, penetrate the tape and increase the resistance as the

field increases.
2

Other switch designs use a solenoid coil containing several

layers of copper-clad Nb-Ti wire spaced ~0.038 mm apart to improve cooling.

The length-to-diameter ratio is~3. The switch element is noninductively

looped back and forth paraxially just inside the winding. However, this

type of switch suffers from large stray ac fields that could cause losses

in adjacent metal surfaces. An improvement is a toroidal coil with the

switch element wrapped circumferentially inside. Stray fields are virtually

eliminated, and the useful field per ampere per layer of winding is higher

than that in a straight solenoid.
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The switch design chosen for the latest pumps developed at

BNL is solenoidal and has two concentric coils, with the element sandwiched

in a thin radial space between them.

Although a detailed description of this device has not been

published, its principle of operation could be described as follows.

Typically the outer coil has two layers and is powered with a dc bias

current. The inner coil is powered with ac current. The ac field is thus

concentrated in the thin radial space between the coils and also weakly

fills the coil interior. Very little ac field extends beyond the ends of

the outer coil, however, because of its shielding effect. The gauss per

ampere in the element space is quite high, exceeding 100 if each coil has

double layers of 0.014-in wire and the radial spacing between coils is

0.015 in. The gauss per ampere may be further increased by using a

laminated iron core inside the inner coil.

2. MAGNETIC PROPERTIES AND LOW-FREQUENCY LOSSES OF THE MATERIALS USED

In designing superconducting transformers, materials with low losses

during switching must be used for switch elements and control coils.

As already mentioned, the physical parameter characterizing the best
2

material is pj . This product should be as large as possible provided that

the critical magnetic field does not exceed 2 T. If the critical field of

the material is higher than the specified value (characteristic of type II

superconductors), then, to achieve fast and reliable switching the controlling

field must have a steep wave front that destroys superconductivity at zero
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current in the superconductor. The control circuit power in this case

can exceed that of the transformer. If the low controlling field destroys

superconductivity when a current flows in the transformer's arc, the

switching process will occur when the superconductor is in the mixed state.

After the current is reduced below the critical value, transition to the

normal state will result from thermal propagation of the normal zone

through the bulk of the superconducting material. Transformers that use

28this switching process have large losses. Experimental studies showed

that a superconducting switch made from an alloy with a high critical

magnetic field (for example, 65 BT alloy) cannot be used as a circuit

breaker in an inductive storage circuit when the energy release time is

£10 sec. To solve this problem a special alloy is used with a lower

maximum critical magnetic field strength (several kOe) and a high critical

current density and high resistivity in the normal state.

Materials having low critical magnetic fields are primarily type I

superconductors. Theoretically losses in an alternating electromagnetic

field in superconductors occur at frequencies >10 Hz. Thus, at optical

frequencies the properties of a superconductor are the same as those of an

ordinary conductor (the superconductor shows no visible changes after it

has been cooled below the superconducting transition temperature). However,

even at low frequencies (up to 1000 Hz) appreciable losses can occur in an

alternating magnetic field at below the critical amplitude (see, for example,

Ref. 7).
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2.1. Magnetic Properties and Low-Frequency Losses in Supercon-
ducting Samples

A superconducting transition of an ideal type I superconductor

is therraodynamically reversible; i.e., after it is returned to the initial

state the superconductor should not exhibit any permanent changes as a result

of the application of the magnetic field. The magnetic properties of SE.

ideal superconductor, taken from Ref. 24, are illustrated in Fig. 12. In a

thermodynamic analysis of the critical magnetic field the change in the Gibbs

free energy as a result of the transition from the superconducting to the

24
normal state can be written as

i.e., if the magnetic field destroys the superconducting state of a thermally

insulated sample, its temperature will decrease. The return to the super-

conducting state after removal of the magnetic field corresponds to this

change in the free energy but with the opposite sign:

2

i.e., after the thermally insuj.ated sample becomes superconducting again it

returns to the initial temperature.

This, however, applies only to an ideal sample. As can be seen

from Fig. 13, a real sample does not have a well-defined critical field and
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its BSjjneCization curve is ambiguous. A real sample may have the following

defects: particles from other substances, groups of displaced atoms

(dislocations), nonuniform composition of the alloy, surface defects,

vacancies, porosity, and fibrous structure. Unlike the ideal sample, a

real sample, because of the presence of certain defects, may not have a

sharp boundary of the critical magnetic field and may have a magnetic

hysteresis and trapped flux. These effects, however, do not necessarily

occur at the same time. Why different impurities and inhomogeneities

produce different effects has not yet been fully explained,

Buchhold proposed a method of estimating hysteresis losses,

which can be summarized as follows. The electromotive force induced in the

coil tightly wound around the superconducting sample is

d9 &¥ dtt

where cp is the flux penetration into the superconducting sample, Wb; H is

the magnetic field strength, A/m; N is the number of turns on the coil

trapping the flux, §; <i) is the angular velocity, rad/sec; and t is the

time, sec.

Apparently each cp(H) curve corresponds to a specific curve

for the electromotive force e(t). The <p(H) curves and the corresponding

emf curves are shown in Fig. 14 (Fig. 14a, no trapped flux and hence no

hysteresis losses; Fig. 14b, maximum captured flux and maximum hysteresis

losses; Fig. 14c,.the intermediate case). By assuming that
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and introducing a new coefficient k (hysteresis coefficient)

edt

which determines the fraction of the peak flux attributed to hysteresis

losses, Buchhold obtained an equation for the average specific hysteresis

losses for a half period of magnetic polarity reversal per unit area:

where 6 is the average flux penetration into the superconducting samples,

m; f is the frequency, 1/sec; ^ is the permeability, G/m; and H is the

magnetizing force, A/m.

A theoretical analysis of Buchhold's result casts some doubt

i*T/2as to whether the formula J edt = 2Ncp can be used for all superconducting

samples, i.e., whether this integral has the same value for all supercon-

ducting samples.

Let us comparatively analyze this integral for the magneti-

zation curves in Figs. 14a and 14b. For the magnetization curve in Fig. 14a,
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where B is the induction, T; H is the magnetic field strength, A/ro; S is

the area, m j and ̂ is the permeability, G/m.

As follows from Fig. 14a, for the time 0 - t during which
c

the magnetic field strength changes from H^ to Hc,

d?/dH "^tos -

During the time interval from t_ to T/4, e is equal to zero. Therefore
c

r/s T/4 a>t,e

f edt = zjedt - zj edt- -
' A '

ZHmlfm/t9s J sin cot dt -

If we had a normal conductor instead of a superconducting sample, cutu = TT/2,
Hc

we would have exact agreement with Eq. (1).



- 23 -

In the case of Fig. 14b,

fed£:~tl<k>fim f -ir; sin aft dt,

for the time interval during which the field strength changes from H, to

and therefore

feiti** tfa>/fm -j— • J sin att di
' .. . . m C v-ot»t

Hm r

Complete agreement with Eq. (1) is also obtained for an ordinary conductor

(H = 0, ifltn = TT/2).
c Hc

Comparison of Eqs. (2) and (3), however, shows that they are

i»T/2not identical, i.e., J edt does not always have the same value. The

discrepancy obtained theoretically is attributed to the fact that Eq. (1)
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can be used only for single-valued, continuous mathematical functions

having a continuous derivative (see, for example, Ref. 26, Vol. 1, pp.

236-8}. The characteristics of the superconducting samples do not always

meet these requirements.

Thus, analysis of this technique shows that it has some

flaws. Nonetheless the main part of the equation contains some of the

Gibbs free energy needed for magnetic reversal, which is denoted by the

empirical coefficient k for the area of the hysteresis loop in the super-

conductor. Such mathematical connection is fairly logical in the case of

a physical representation of the magnetic reversal processes. Therefore

the equation for the losses can be used if the numerical coefficients are

used with some caution. Before using this equation, however, the constant

coefficients it contains must be verified by using a different method to

obtain the measured losses (for example, the calorimetric method).

2.2. Losses and Efficiency of Superconducting Flux Pumps

In addition to the losses in the superconductors determined

by the properties of the materials discussed above, the cryotron-type super-

conducting flux pumps may have lasses due to Che finite resistance, of the

switch element in the resistive state. These losses depend largely on the

choice of superconducting flux pump.

In his paper Atherton showed that switch-type flux pumps

do not have this limitation and need not have any loss if the following

criteria are obeyed:



- 25 -

(1) Before opening a switch, current in the branch containing

it must be diverted;

(2) The switches must have infinite resistance. Although

the cycle he proposed does not appear to be practical, the purpose of his

paper WAS to emphasise that there is no inherent theoretical limitation on

flux pump efficiency and that there is no Carnot-type limitation on

efficiency to prevent the design and construction of more efficient flux

pumps.

Moreovert the existing devices have a wide range of efficiencies,

3»6
depending on the type of design used. Thus, while Buchhold's most

efficient device, designed to operate at a frequency of up to 10 Hz, has

an efficiency slightly higher than 90%, that of most of the other

devices9'13*16*17 is ~2Q to 30%.

2.2.1. Determination of Superconducting Flux Pump Losses on

the Basis of Steady-State Processes. The efficiency of the existing super-

13conducting rectifiers wtis determined theoretically by Wipf. A typical

magnetic flux pump used by Wipf is shown schematically in Fig. 15. It has

a primary circuit which induces an alternating flux I in the secondary.

The secondary, made from a superconducting material, has a rectifying system

in which cryotron switches X and Y are used instead of the ordinary rectifiers.

The pump produces a voltage V at the terminals A and B,

which energizes the coil. To determine the losses in the flux pump, Wipf

proposed the following technique: As the flux in the secondary changes sign

from -$ to +?, one of the switches (say, X) is a normal conductor. The
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voltage across the load is V • -dcp/dt, and the voltage across the switch
2

is 2dcp/dt. This produces the iusses 4V /R in the switch. During the

second half of the ycle, when switch X becomes superconducting again and

the flux goes from +f to -$, switch Y goes normal and produces identical

losses. By repeating these processes the inductive lo&d will gradually

be fully energized, E = LI /2 • jvidt, where i is the current and I is

its peak value.

If V = const, we get E = VIt/2, where T is the
o

charging time. The energy lost in the switches is &E = (4V /R)T, which

can be rewritten as follows.

A£

To reduce AE while maintaining the same output power
2

E/T, RI must be made as large as possible; i.e., the losses can be reduced

by using a material with a high resistance and a high critical current. The

use of cryotron switches requires that the upper critical field of the

material be limited to £15 kOe.

Using the critical dissipated power per unit surface

area (W -c)> Wipf introduced a new criterion for determining the losses.

A superconducting circuit in liquid helium is stable if one of its points

does not exceed the critical temperature, even though these points are in

the normal state. In this case the localized normal zone does not spread

and hence there is no degradation of the superconductor. The stability of
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the system depends largely on the thermal contact between the superconductor

a ,4 the helium bath. For a metal in direct contact with liquid helium, the
2

critical dissipated power W . is ~0.8 W/cm when AT ~ 1 K between the

metal and helium,, When the heat transfer is large, a layer of gaseous

helium isolates the metal from the fluid, and &T increases spasmodically

to ~1Q K. Therefore the critical dissipated power per unit area (W . ) may

be used as a design constant for the superconducting circuit. Thus, after

eliminating the losses, we get

Merit - Kl*/s , (5)

where S is the surface area of the switch. If the superconducting switch

has a thin tape of thickness d, the surface is S = 2V'/d, where V1 is the
s s

volume of the switck occupied by the superconducting material. If we take

the total volume of the switch V , then S = 2V /(D + d), where D is the
s s

spacing between the tapes for the insulation and the coolant. For a thin

wire with diameter d, the surface S = (4V p)/d, where p is the space factor
s

taking into account the place for the insulation and the coolant.

Thus, according to Eq. (4), the relative losses are

(6)
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The efficiency of Che device shown in Fig. 16 was

-2 2
calculated by using Eq. (6) and d + D = 10 cm and W . » 2W/cm . Wipf
attributes the high value of W ,. to the fact that most of the devices° crit

do not require total stabilization.

2.2.2. Determination of Losses on the Basis of the Transient

Processes. It follows from Eq. (6) that the maximum efficiency of a flux

pump at a given power can be increased only by increasing its volume.
13

Wipf attributes the fact that the efficiency of

present-day devices (b, c, and d in Fig. 16) is much lower than their

rated value to the presence of other losses and the approach of point a to

the calculated curve he attributes to the complex design. However, he

does not consider the effect of the various parameters on the efficiency

of the device.

For a more detailed analysis, let us examine the

transient processes taking place during the operation of a full-wave

cryotron switch, shown schematically in Fig. 17. The equivalent circuits

for the flux pump in Fig. 15 are shown for different time intervals in

Fig. 17.

The following notations are used. L is the inductance

of the superconducting load, H; L is the inductance of the branch including
s

half of the transformer's secondary and the cryotron's switch element

(since the switch element has a bifilar winding, L is completely determined
s

by the inductance of a half of the transformer's secondary); e. and e- are



- 29 -

the electromotive forces produced in each half of the secondary; r is the

resistance of the switch element in the normal state; i., and i_2
 a?e the

currents in the arms; i 3 3 is the load current; and i and i- are the circuit

currents.

At the time the switch is turned on, t « t (Fig. 17a),

the currents in all the branches are equal to zero, the load and one of the

branches of the secondary are in the superconducting state, and the second

branch, which contains the switch eleaent, is in the normal state, with a

resistance r. For simplicity, let us consider a square-wave emf.

The differential equation for the transient condition

of the flux pump in Fig. 17a is

or, in the differential operator form,

The solutions of the transforms are

/ / j« 2e*i{:+Ls)P+r\ " et UsP + r) Bj P+K j
•- " (2lsP+r)[(tHs)p+r]- (Lsp+r)* " Ls'p(p+a) '

r(L+Ls)

r) j ^ oc
+ rj- {Lsp+ry = Ls p(pfa)
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and the solutions of the inverse transforms are

The actual currents in the branches i ^ , i^ and i

obtained from the equations derived above for the circuit currents, are

During the time from t to t. (Fig. 17b) the currents

i..f i?2»
 and ^33 increase in the branches according to Eqs. (7) to (9).

At time t » ^ (Fig. 17c), the emf in the branches changes sign, the

controlling field of the cryotron's switch element is removed, and both

branches become superconducting.

The differential equation for the transient conditions

in Fig. 17c in the operator form is
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where i%Q - ^(tj) and *-2Q - V V are the circuit currents at time t^

whose values were obtained from the preceding operation. The solutions

of the transforms are

c: '..--•

and the solutions of the inverse transforms are

The real currents in the branches for time t * t1- t2 are

- - - •••-.-• V " - - - - •-» d o )
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The time y = C0-t is determined from the condition

- 0.
.„. " (13/

The circuit in which the currents described by Eqs. (10) to (12) flow is

shown schematically in Fig. 17d. At time t « t, the cryotron's switch

element develops a resistance r in the arm with current i = 0 (see Fig.

17a).

The equations for the new transient in the operator

form are

where i.^ = 0 and i2Q = ±2(t-) are the circuit currents at time t,, whose

values were determined in the preceding operation.

The solutions of the transforms are

iso] pL
\r+p(L+Ls)]p(l*Ls)~P*L

2 .

e, t
LS p+a
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where

where

The solutions of the inverse transforms are

The real currents in the branches are

(14)

-at;

(16)
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A comparison of Eqs. (14) to (16) with Eqs. (7) to (9) shows that Eq. (14)

for the current i ^ t ) is identical to Eq. (8) for the current; i^Ct); i.e.,

the currents in the branch with resistance r are subject to the same laws

of variation at any part of the cycle provided that the process starts at

sero current. Equations (15) and (16) differ from Eqs. (8) and (9) only

in the constant current stored by the load during the first half of the

cycle.

At time t • t3 (Fig. 17g) the eof in the branches

again changes sign and the controlling field of the cryotron's switch element

is removed. The equations for the currents during time t » c.-t, are

analogous to Eqs. (10) to (12) after appropriate replacement of the sub-

scripts. The duration of the process

i.e., the switching angle is a linear function of the current, which makes

the load current saturation a -function of time.

The resistive losses of the switch are represented by

the shaded area in Fig. 18c. Using Eq. (8), we get for the first half-cycle
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where the function

has the following values

«T 6 0.1 0.25 0.5 1.0 2.0* -4.0 ' "~10.0 l6o'6*" »
0 0.0032 0.017 0.058 0.168 0.381 0.634 0.85 0.985 1.0

The load current at charging time T is obtained from Eq. (9)

(18)

The energy stored in tha load at time T

- (19)

where the function
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has the following values

aT 0 0.1 0.25 0.5 1.0 2.0 4.0 10.0 100.0 *
y2(aT) 0 0.048 0.U5 0.2X3 0.368 0.568 0.755 0.9 0.99 1.0

The total losses, i.e., the ratio of the losses to

the stored energy, can be obtained from Eqs. (17) and (19):

(20)

To obtain a relation analogous to Eq. (6), we must

2
rmultiply the numerator and denominator of Eq. (20) by

Assuming that

we get

(21)



- 37 -

where the function

has the following values:

i *T 0 0.01 0.1 0.25 0.5 1.0 2.0 4.0 10.0 100.0 »
"S(aT) 16.3 5.31 5.18 4.81 4.37 3.67 2.74 1.76 1.29 1.02 1.0

By comparing Eq. (21) with Eq. (6) we can see that

the total losses depend not only on the switch's volume V , as was suggested
s

by Wipf, but also on the parameters of the entire device. Thus the losses

will increase by increasing the inductance of the load L, the inductance of

the power transformer L , and the frequency of the ac current supply
s

f = 1/2T. Conversely, the losses can be reduced by increasing the

resistance r.

2.3. Optimization of Flux Pumps and Prospects of Increasing Their
Efficiency.

It can be seen from Eq. (20) that the losses and hence the

efficiency depend not only on the parameters of the flux pump but also on

the inductance of the load L; i.e., the flux pump's efficiency depends on

the parameters of the entire system. Therefore optimization of the flux

pump without taking the load into account is somewhat conditional. At the
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given load parameters, however, the ohmic losses are, as follows from Eq. (17),

inversely proportional to the resistance of the element in the normal state,

which in turn is directly proportional to the length of the element. On the

other hand, the losses due to magnetic reversal (analysed in Sec. 2,1)

increase with increasing length of the element. The total losses in the

switch can be determined by adding the individual losses, as shown in Fig. 19.

Thus the flux pump can be optimized by choosing the correct

length of the switch element in the following manner: calculating the out-

put voltage from the rated power and current; determining the parameters of

the power transformer from the output voltage; estimating the cross section

of the switch element on the basis of quadrupling the current; determining

the resistance per unit length of the switch element from the switch

element's cross section; and determining the ohmic losses of the switch

slement from Eq. (17). [Note that Eq. (17) can be used only for a square-

wave emf; for other cases the procedure outlined in Sec. 2.2.2 should be

followed, taking into account the specific shape of the power transformer'J

emf.] This is followed by experimental estimate of the losses in the coil

and in the switch element for the material selected. Finally, the length

of the switch element is optimized (Fig. 19).

Thus the development of superconducting rectifiers

requires materials with low hysteresis losses and high resistivity. As

noted in Sec. 1.2.4, the physical parameter determining the optimum

properties of the material is pj . Lead and niobium alloys have been most

widely used for switch elements in present-day transformers and in those
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being developed. The characteristics of some lead alloys are given in

Table I.2

As can be seen from Table 1, Fb80-Bil5-Ag5 has the largest

9 3 2 22

value (6.5 x 10 W/a ) of the parameter p-J . According to Voigt,

* 10 W/m for pure niobium.

According co Ferrier,1 p-jj; > 101 W/ra is required for the
development of economically profitable superconducting transformers, whereas

2

PNJ is at least five orders of magnitude smaller for the existing materials.

Therefore, to reduce the losses, present-day cryotron transformers use fairly

low output voltages (see Table II).

An increase in voltage, however, results in a quadratic increase

of the losses. Moreover, cryotron transformers using an output voltage of a

fraction of a volt have a fairly narrow range of application (they are used

primarily as a power supply for superconducting magnets, storage devices,

and superconducting turbogenerator coils).

Increasing the voltage at the cost of higher losses in the

cryogenic medium is a problem because the refrigerators compensating these

losses have a fairly low efficiency. This is particularly true of helium

liquefiers, which require 800 to 1000 W to compensate for a 1-W loss.

A transformer can be used in a helium environment if the power

needed to compensate all the losses in it does not: exceed that required to

compensate the heat influx from the leads. Moreover, a cryogenic flux pump

(not necessarily of a cryotron type) can be in a liquid nitrogen rather

that?, a helium environment (Fig. 20).
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Thus, cryogenic transformers can be optimized not only by

using an efficient electric circuit and the best electromagnetic materials

but also by selecting an efficient cooling system, taking into account the

efficiency of the Uquefiers. Such optimization, however, requires further

detailed investigation of the basic efficiency of various types of flux

primps at different cryogenic temperatures.

SUMMARY

1. Cryogenic rectifiers using power cryotrons have been built by many

foreign firms since 1960.

2. Present-day flux pumps require a low voltage power supply (several

tens of millivolts) and a high current (kiloamperes).

3. Increasing the power supply voltage will quadratically increase the

flux pump losses and, given the limitations of existing materials, are not

economically profitable.

4. Present-day, cryotron-type flux pumps can best be used in power

systems as a power supply for superconducting magnets, solenoids, storage

devices, and superconducting exciting coils for turbogenerators.

5. To increase the voltage of the next generation of transformers for

superconducting dc power transmission, a research program must be set up to

improve the cryotrons and to develop systems based on a different principle

of operation, for example, semiconductor devices based on the principle of

the volume effect in the intermediate environment.
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TABLE 1

Pb

Pb

Pb

Pb

Pb

Pb

Pb

Pb

Pb

Pb

Pb

Pb

Pb

Sn

99 -

97.5

96 -

81 -

68 -

100

85 -

7u -

38 -

50 -

80 -

80 -

50 -

57.5

Material

Bi 1

- Cd 2.5

Tl 2.6 - In 1.3

Sn 14.3 - In 4.7

Sn 29.5 - In 2.5

Sn 15

Sn 30

Sn 62

In 50

Bi 15 - Ag 5

Bi 20

3i 10 - In iO

- Pb 36 - In 6 - Ga 0.5

gauss

1080

1350

1500

2100

1650

680

1000

900

900

4500

9000

13500

8000

1740

0.76
0.95
2.50
5.56
3.3

0.038
0.88
0.74
0.29

15.4
15.0
43.2
28.8
4.6

A/nun

240

300

176

300

288

192

260

312

204

84

208

92

68

200

W/m

0.43

0.85

0.77

5.1

2.74

0.0112

0.5^5

0.72
0.12
1.05
6.5

3.63
1.33
1.84
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Table 2

Designer, Reference

o
Brookhaven National Laboratory

Buchhold6

q
Fasel and Olsen

Voltage
output^ mV

U • 10 mV

U = 50 mV

U = 100 mV

U = 20 mV

U = 20 mV

P *max

h "
P =max

P =

max ~

f =

max ~

Other

240 A

5 W

900 A

50 W

40 W

50 W

7.5 Hz

13.5 A

data

max ~

f »

max ~

f =

f =

1 =

f -

500 A

60 Hz

1200 A

60 Hz

7.5 Hz

2500 A

10 Hz
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Fig. 1. Phase diagrams of some superconductors.
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Fig. 2. Scheaiatic diagram of a cryotron.
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Fig. 3. Schematic of a superconducting bridge rectifier.
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Fig. 7. Superconducting power source.
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Fig. 8. Electrical circuit of a 60-Hz flux pump.
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Fig. 9. Schematic of an automatically controlled field.
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Fig. 10. A device with saturable magnetic cores.
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Fig. 11. Power cryotror.
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Fig. 12. Magnetic properties of an ideal superconductor.
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Fig. 13. Magnetic properties of a nonideal superconductor.
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Fig . 14. Magnetization curves and corresponding wave forms of the
voltage source of the superconducting samples.
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Fig. 15. Schematic of a rectifier-type flux pump.
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Fig. 17. Schematic of flux pump operation.
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Fig. 18. Transient flux pumping process in a full-wave superconducting
rectifier, (a) Emf of the secondary of the superconducting
flux pump; (b) pulses controlling the magnetic field; (c)
branch currents.
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Fig. 20. Loss compensation in a cryostat.
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