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Abstract

This dissertation delineates the study of fast switching devices based on high
temperature superconducting thin films. The research explores the prospects of a fast
high-current opening switch utilizing the high current densities of YBayCu3O7.y thin
films. Two different classes of devices, the photoresistive switch and the inductively-
coupled switch , and their switching mechanisms have been investigated. In both cases,
experimental design and implementation are complemented with analyses of the
underlying physical phenomena. Short, near-infrared laser pulses provide a fast,
efficient, and accurately controllable triggering mechanism for these switches.

The photoresistive opening switch is based on the transition to the resistive
(open) state from a superconducting (closed) state following laser illumination. Zero
closed-state resistance, relatively high normal state resistivity, and very fast switching
times are the attractive features of this switch. We have studied the photoresponse of
microbridges, under varying current bias, initial temperature, and laser fluence. The use
of optically thick films, for enhanced current capacity, allowed us to separate a fast
response from a delayed, slow bolometric response. The bolometric component of the
observed response conforms with simulations based on a one-dimensional heat-
diffusion model. Preliminary experiments with a larger switch exhibit high switching

currents.

The inductively-coupled switch, invented to avoid problems associated with
metallic contacts to the photoresistive switch, is a contactless design. The switching is
performed by destroying screening currents in a thin YBCO film with an optical trigger,
enabling rapid change in flux coupling between previously isolated, inductively-
coupled source and load circuits. The switch was tested at low and high magnetic
fields, corresponding to reversible and irreversible operating regimes of the
superconductor respectively. Switching voltages with rise times as short as 2.5 ns and
75 V peak have been observed. A transient analysis of the screening current and
magnetic field distributions, for the inductively-coupled switch configuration, has
enabled us to develop an understanding of the mechanism governing the operation of
this new device. This analysis has led to the development of efficient numerical
algorithms adaptable to a variety of problems concerning macroscopic flux dynamics in
superconductors.
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CHAPTER 1
INTRODUCTION



The quest for knowledge is driven by the search for perfection. Perfect electrical
conductors have always been an object of fantasy since the discovery of electric
current. Therefore, it is natural that the discovery of superconductors, though
accidental, proved to be one of the most significant achievements of this century. The
superconductor is more than a perfect conductor. It exhibits a host of other properties,
the most important being expulsion of magnetic flux (Meissner Effect), besides having

zero dc electrical resistance.

The superconducting state and its properties have been a topic of active research
since its discovery in 1911. Cryogenic temperatures are required to maintain the
superconducting phase. This limits the use of superconductors to applications where
the advantages of using superconducting devices exceed the cost of the associated
cooling system. The early metallic superconductors had critical temperatures (T.) below
10 K. Therefore, liquid helium, an expensive cryogen, was required to cool any
superconducting device. The discovery of cuprate superconductors with critical
temperatures above the boiling point of nitrogen (77 K) opened a new horizon in the
field of superconducting devices. Since liquid nitrogen is much cheaper than liquid
helium, many superconducting devices are expected to become economical in future.
The superconductive devices are superior to others in both high power engineering
(transmission lines, magnets, generators, and motors) and ultrafast, high performance
electronics (microelectronics, microwave and millimeter wave electronics, and precision

instrumentation).

In this thesis, we have chosen to investigate fast, high-current switching with
high temperature superconducting films. There is a requirement for high quality solid-
state opening switches in the field of electrical power engineering. Superconductors
with zero closed-state resistance are ideal candidates for opening switches. The design
of opening switches is a challenging problem, especially when both high speed and
large current capacity are required. These thin film switches exhibit very high current
densities and are compatible with the high power superconducting devices like
magnets. Therefore, these superconducting switches may be utilized in various
commercial applications like fault current limiters, energy extraction from inductive
storage systems, production of fast rising current pulses, and flexible ac transmission
lines.



In chapter 2, we discuss the present state of opening switch technology and
their application. The superconducting switch, though in its inchoate stage of
development, has bright prospects for very high speed (nanosecond) switches where
other technologies fail. In section 2.2, we discuss the relative merits of different
technologies and identify the operational regimes where superconductors hold a clear
advantage over other established and developing technologies. In section 2.3, a few
key applications of opening switches are discussed. Studying a suitable
superconducting switch for energy extraction from superconducting magnetic energy
storage (SMES) was a strong motivation for this research. A discussion of salient
features of SMES technology (section 2.4) as a fast and compact energy storage device
is therefore deemed necessary to identify the need for a lossless and a contactless

switch.

We have studied two different types of superconducting opening switches. In
both cases the switches were thin YBa;Cu3O7.4 (YBCO) films and were triggered with
short laser pulses. Optical triggering provide us accurate timing control. Besides,
photoresponse of high-T¢ superconducting materials (in our case thin YBCO films) is a
subject of great interest. The first design, the photoresistive switch, operates by a
transition from the zero-resistance superconducting state to a resistive normal state. The
second design, the inductive switch, is based on flux screening in the superconducting
state. While the two switches are based on two entirely different principles of

operation, they produce the same switching action.

In chapter 3, we discuss the physical properties of superconductors that are
relevant to our switches. Different classes of superconductors are described in section
3.2. We have discussed the electrical and magnetic properties in section 3.3. The
concepts of critical magnetic fields, critical currents, flux exclusion and expulsion and
flux pinning in type II superconductors are extremely important for the operation of our
switch and are described in this section. Relevant thermal and optical properties are
discussed in sections 3.4 and 3.5. Important material properties of YBCO are
summarized in section 3.6.

The photoresistive switch is described in chapter 4. After a description of its
principle of operation (section 4.1), the experimental set-up (section 4.2) and
results(section 4.3) are described . The switching response (also called the



photoresponse) revealed a fast and a slow component. The fast component had short
(~4-6 ns) rise and fall times. A slower signal (50-100 ns rise time) was superimposed
on the fast signal component. The amplitudes of these two signals were of the same
magnitude. The slower component showed a delay with respect to the laser trigger,
referred to as the response time, and is bolometric in origin. The finite response time
arises from our use of optically thick! films. Initially the incident laser energy is
absorbed in the top part of the film, while the material at the bottom of the film remains
superconducting, acting as a zero-resistance shunt. The temperature profile across the
thickness of the film changes in time as heat diffuses down, heating up the entire bulk
of the film.

A one-dimensional heat-flow model, incorporating thermal properties of the
film and the substrate, was developed to simulate the bolometric component of the
photoresponse. This is described in section 4.4. We follow this up with a discussion
of the equilibrium and nonequilibrium processes in superconductors, outlining
possible mechanisms responsible for the fast switching component (section 4.5). The
origin of the fast component is still not understood clearly.

A new design (section 4.6) has tested high current operation of these thin film
switches. Only preliminary results are available at the present time. However the results
were encouraging as we switched currents up to 80 A in 1-cm wide, 500 nm thick
switches. The last section (4.7) of this chapter describes some of the problems with the
earlier design of the photoresistive switch. Due to poor metallic contacts to the
superconductor and other problems associated with contacts, we were encouraged to
look for other switching mechanisms. This lead to our invention of the contactless

inductive switch.

The inductive switch is based on flux screening properties of a superconductor.
It isolates the source (primary) and load (secondary) circuits which are magnetically
coupled, by acting as a removable flux-screen. Upon optical triggering, the switch
becomes resistive, and a decay of screening currents allows flux penetration through

IFilms thicker than the optical penetration depth (~120 nm) were used to enhance current carrying

capacity of the switch.



the film, enabling flux coupling between source and load circuits. Section 5.1 describes
the principle of operation of this switch in different regimes. The following three
sections discuss the experimental set-up and the results of three different sets of
measurements : in low magnetic fields, in high magnetic fields using a multi-turn
secondary coil, and in high magnetic fields using a single-turn secondary coil. The load
voltage arises from temporal change of flux coupling in the secondary coil. Since this is
a derivative effect, the faster the flux motion, the larger the peak voltage and the
extracted energy. By minimizing secondary inductance with a single turn coil, we were,
therefore, able to get shorter switching time and higher switching current.

The inductive switch involves transient flux motion in the superconducting
films following laser irradiation in the critical state?. In the past three years, the critical-
state current and field distributions in thin films of various geometries have been an area
of active interest. While most of the work concentrates on static distributions and those
for ac magnetic fields, the issue of transient effects on screening currents has remained
neglected. In order to understand the underlying physical phenomena associated with
the switching of thin film superconductors to the resistive state in magnetic field, we
have investigated the critical state flux dynamics for the thin disk geometry (chapter 6).
Section 6.1 describe the modeling of screening currents in the superconductor. The

calculation of static current and field distributions is discussed in sections 6.2 and 6.3.

The transient analysis, utilizing a method based on temporal evolution of
magnetic vector potential, is described in section 6.4. This novel technique leads to
efficient computation of simulated switching signals (section 6.5). If nanosecond
switching speed is not a requirement, a considerable saving in laser energy can be
achieved by heating the cold thin film switch in the flux flow regime (section 6.6),
instead of driving it fully normal. The dissipation associated with flux flow is expected
to result in rapid thermal run-away driving the switch fully normal. A comparison of
simulated signal with experimental results (section 6.7) shows good agreement. The
thermal delay arising from heat diffusion in optically thick films was not incorporated in
this simulation to avoid computational complexity. Therefore, the simulation, assuming

2See section 3.2.7



instantaneous transition of the film, estimates even shorter rise time and higher peak
voltage than the experimental result.

Finally, a number of appendices are included. Appendices 1 and 2 describe
properties of elliptic integrals and a novel method of treating logarithmic divergence.
These are extremely useful for the analysis described in chapter 6. Appendix 3 lists the
MATLAB codes used for computations described in chapter 6. These are very efficient
and adaptable for other problems involving flux motion, and magnetostatics. The
Nd:YAG laser system is an important component in all our experiments. Appendix 4
gives a description of the laser system. Appendix 5 describes the operation of the
superconducting magnet and the custom-made cryostat that fits into its horizontal warm
bore.



CHAPTER 2

OPENING SWITCHES FOR HIGH POWER APPLICATIONS



2.1 Opening Switches

Switches are indispensable in electrical circuits. Switches are characterized by
two main parameters, the switching speed and the power handling ability. However, it
is difficult to achieve high power switching at high speed. The switches can be
categorized into two primary functional classes: closing switch and opening switch.
There are three components of a switching circuit : the source, the load, and the switch.
The function of a closing switch is to divert the current from components connected in
parallel to the switch into the circuit branch containing the switch. On the other hand,
an opening switch diverts current away from the circuit branch containing the switch to
parallel circuit branches. In the absence of a parallel circuit branch the closing switch
closes the current path through the switch, while the opening switch interrupts the
current path.

In high power switching, fast solid-state closing switches are available using
semiconducting devices. Fast high power opening switches are a challenging design
problem. Most of the commercial high power opening switches are mechanical and are
inherently slow. This is a field of active research and many plasma based and explosive
opening switches are being developed. Semiconductor switching devices are mainly
voltage driven, which is the normal mode of operation for closing switches. Opening
switches are, on the contrary, current driven devices. Superconducting devices are
current-driven and are natural candidates for opening switches. We have therefore
focused our research towards superconducting opening switches.

The design of an opening switch depends on the specific application. These
switches are required to carry high currents (100A-10MA) and operate with short
switching times (10ms—10ns), with repetition rates ranging from 1 to 30,000 pulses per
second. Moreover, before opening, the switch must conduct the source current as
required. To accomplish current interruption, the opening switch must force the source
current to transfer from the switch to a parallel circuit branch (a load) and then
withstand the voltage generated across the load. If there is no load in parallel to the
branch containing the switch, then the switch can interrupt the current only by
absorbing all of the energy stored in the circuit inductance and recovering against the
open circuit voltage of the current source. This makes the design of an opening switch a



difficult problem. The severity of the switching problem depends upon the circuit in
which it operates. Therefore, opening switches must always be considered in the
context of the circuit in which they are used.

There are various types of opening switches. In the next section, we shall
briefly discuss various types of existing and developing technologies and discuss their
relative merits and demerits.

Applications of opening switches range from fault current protection to transfer
of energy from an inductive energy store to a load. In section 2.3 we shall discuss
some key applications of opening switches. Our research on inductively-coupled
switches mainly focused on energy extraction from superconducting magnetic energy
storage systems (SMES). This emerging technology is becoming increasingly popular
for power quality improvement and uninterruptible power supplies. In section 2.4, we
shall discuss the advantages of inductive energy storage systems and briefly review the
SMES technology. We shall also examine the benefit of using a superconducting
switch to reduce the operating cost of a SMES system.
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2.2 An overview of opening switch technology

There are several classes of opening switches. The oldest and the most widely
used are the mechanical switches or circuit breakers. These can handle high power but
are slow. The other popular varieties are solid state switches, and fuses. The
advancement of semiconductor technology in the power electronics area has enabled the
use of thyristor based switches at moderately high power. Fuses are one-shot switches,
but can handle high power while operating very fast. There are many classes of plasma-
based opening switches that are being currently developed. These are very promising
but are expensive and less reliable. The superconducting switch is a solid state switch
and uses nonlinear material properties to switch from the superconducting to the
resistive state. Figure 2.2.1 shows the switching time and current of different opening
switches. A brief description of different switching methods are described below. Table
2.2.1 summarizes their relative merits and demerits.

107
Mechanical
switches

N

switching current (A)

10°9 106 10-3 1
switching time (s)

Figure 2.2.1 Comparison of opening switch technologies. The superconducting switches have the
highest dI/dt, but have not demonstrated high current operation. The plasma switches, including the

plasma erosion opening switch (PEOS) are in the experimental stages. Mechanical switches, thyristors

and fuses are commercially available mature technologies.
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2.2.1 Mechanical Switches

Mechanical switches have been used to control the flow of current since the
18th century. Commercial break switches in air medium by Westinghouse, Asea
Brown Boveri and General Electric are rated in the range of 10 kA and a few thousand
volts[1]. Those in oil medium (which has a higher dielectric strength than air) operate in
the 10-200 kV range with 10-100 kA[1]. The gas-blast switch (usually employing SFg)
operates at somewhat higher voltage range (up to 800 kV). SFg has higher dielectric
strength, greater thermal conductivity than air, and lack of oxygen in the system
prevents oxidation of contact surfaces. However, these switches are slow compared to
all the other switches discussed below. The “tripping” of the breakers is performed
magnetically or thermally. This switching technology is well established and has very
low production cost for large volume productions and is extremely reliable.

2.2.2 Solid state switches

Solid state switches are based on nonlinear material properties of the solid that
are used to reduce the mobility and/or concentration of carriers. The resistivity changes
may stem from semiconductor-insulator, metal-semiconductor, or superconductor—
normal conductor transitions. The transition should preferably be reversible and
controllable by suitable triggers. The semiconductor based switches are becoming
increasingly popular since they have fast switching speeds and high repetition rates,
even though they cannot handle very high power. Unlike mechanical switches, solid
state switches are compatible with electronic control. They also have a long lifetime,
unlike plasma based switches.

Thyristors and other semiconductor switches:

The most established solid state opening switches belong to the thyristor
family[2]. Thyristors are four layer (p-n-p-n) semiconductor devices[3]. Thyristors can
act as either closing or opening switches. The basic device of the thyristor family is the
silicon controlled rectifier (SCR). The device is normally nonconducting and blocks the
current flow of either polarity across it. The conducting or “on” state is achieved by
using a gate voltage pulse. The SCR latches to the “on” state. To open the switch (to
recover to the blocking state) the device current is reduced below the holding current.

The opening time depends on the carrier recombination time of the central junction.
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Therefore, if the junction width is made larger to increase power handling capacity the
switching time also goes up.

The other thyristor used as an opening switch is the gate turn-off (GTO)
thyristor. The SCR requires a counterpulse of the magnitude of the entire device current
for opening. The GTO, on the other hand, can be opened by a reverse gate pulse.
GTO’s are effective for a few kV switches at a few 100 Hz repetition rate. Power
bipolar transistors, power MOSFETS, and Insulated gate bipolar transistors (IGBT) are
other semiconducting switches. All these switches are better as closing switches since
the turn-on time is faster than the turn-off time.

Switches based on a positive temperature coefficient of resistance (PTCR) [4]

Many solid state materials exhibit sharp changes in their resistance at phase
transitions and can be used as an opening switch. Usually, a temperature change
effected by external heating is employed to cause the phase transition. Superconductors
exhibit the sharpest resistance change at the superconductor-normal-conductor
transition. Also, in the superconducting phase, the resistance is zero for dc and very
small at power frequencies. The superconductors can also carry a very large current in
the closed state. The photoresistive switch (chapter 4) is based on this effect. There are
three methods of triggering the phase transition : heating above the critical temperature,
exceeding the critical current, and applying an external magnetic field higher than the
critical field of the superconductor.

Barium Titanate shows a sharf) PTCR (more than 3 orders of magnitude) effect
at ~125° C. This is an insulating polycrystalline material. It is made semiconducting by
doping with La or Nb which provide donor sites. Following a low temperature
annealing oxygen diffuses into the grain boundaries creating acceptor sites. Below
125°C, BaTiO3 contains poled domains and charged domain walls. Since grain
boundaries coincide with the domain walls, the negative charge on half of the grain
boundaries neutralizes the space charge from oxygen acceptor states. This permits an
easy flow of conduction electrons between grains and the resistance is low (10 Q-cm).
However, the domain walls and their charges disappear above 125° C greatly
increasing the resistivity. Barium Titanate switches are used in 60 Hz motors as starter
switches.
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Other methods utilize the metal-semiconductor transition of Europium Oxide,
reduction of carrier mobility in Indium Antimonide, and polymeric phase change in
Carbon-filled polymers.

2.2.3 Plasma based switches

Different classes of Plasma opening switches are currently been studied[S]. We
describe below three promising technologies.

Diffuse Discharge Opening Switch [6]

Here the switch medium is an externally sustained discharge. The external
sustaining source is either a laser (usually CO?2) or an electron beam (e-beam). By e-
beam or laser radiation the gas between the two electrodes becomes ionized and
conductive. The switch is closed. When the external source is turned off the
conductivity of the gas decreases and opens the switch. Usually the opening of the
switch is performed by turning off the e-beam. However if the discharge is optically
illuminated with a wavelength corresponding to the atomic or molecular transition of the
gas, the conductivity can be controlled through optogalvanic effects. The most efficient
scheme is therefore an e-beam sustained optically assisted discharge switch.

Low-pressure Plasma Opening Switch [7]

This is also a diffuse discharge switch. However, glow-discharge with cold
cathodes, employing secondary electron emission, is used in this switch. The
mechanism of glow discharge is Paschen breakdown. An example of such a switch is
the Crossed Field Tube (XFT) which employs crossed magnetic field to produce high-
density plasma. ‘

Plasma Erosion Opening Switch (PEOS) [8]

This opening switch (Fig. 2.2.3.1) is operated by injection of plasma. The
source is a suitable current source or a slow capacitor bank. The injection of plasma
[Fig. 2.2.3.1(a)] allows the storage inductor to charge by isolating the load. When the
requisite current level is reached in the storage inductor it opens by erosion of the
plasma [Fig. 2.2.3.1(b)]. This can be used for pulse sharpening [section 2.3.2]. Like
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all other plasma switches the main disadvantage of this switch is gradual erosion of the

electrodes through repetitive operation. Characteristics of PEOS is a field of active
research.

storage inductor mi]ected storage inductor  eroding
plasma . . . plasma
-
(@ (b)
Figure 2.2.3.1 Schematic representation of the operation of a plasma erosion opening

switch. (a) switch is closed. (b) switch is open.

2.2.4 Fuse Opening Switch

The fuse opening switch[9], as the name suggests, operates by melting of a foil
or wire (the fuse) to interrupt current. The foils or wires of metals such as copper,
silver, gold and aluminum are placed in a quench medium that can be granular ( Glass,
quartz, alumina, silicon carbide), solid (polythene, paraffin, mylar) or liquid (water).
The foils in solid and granular medium exhibit currents of 300-400 kA but the foils and
wires in water can be as low as 500 A and as high as 400 kA depending on the design.
However, currents as high as 15-30 MA (peak) have been interrupted in 200-300 ns
against 200-300 kV in the Shiva Star Inductive Pulse Compression System[9]. The
fuse opening switches operate in single shot mode. However they are quite reliable.

2.2.5 Explosively-Driven Opening Switch

This switch uses a high pressure rapidly advancing detonation wave following
an explosion[10]. A cylindrical geometry is used for high current switching. Opening
of the switch, effected by a rise of resistance, is caused by the compression of the
surrounding plasma channel as the detonation wave front reaches the outer surface of
the explosive at the time when the generator current reaches its peak. Very high currents

and very fast (~1 pus) switching times can be obtained. This switch can be used as a
closing switch too[11].
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An explosively driven HTS opening switch has been proposed[12]. Here a
hollow cylindrical bulk HTS switch carries the current in the closed state. The switch is
opened by shattering the cylinder as the pressure wave following an explosion inside

moves outward. The ceramic HTS materials work better in this mode rather than the

metallic superconductors which do not break uniformly.

Table 2.2.1 Merits and demerits of existing and developing opening switch

technologies
Type of Merits Demerits
Switch
Mechanical High power operation Slow switching time
Switches Excellent reliability Not electronically compatible
Low cost
Very low on-state resistance
Bi-directional
Thyristors Moderate switching speed Low power operation only
Electronic compatibility Faster as closing switch
Good reliability High losses in closed state
Fuse Opening Low on-state resistance Only single-shot operation
Switches High power operation Not suited for low power
good reliability Expensive
Super- Very high switching speed High power operation yet to be
conducting Lossless in closed-state demonstrated
opening Electronic compatibility Only single-shot operation for
switches Repetitive operation for resistive inductive switch
switch Low normal state resistance for
Compatible with super- LTS
conducting magnetic energy Developing technology
storage
Explosively- Low on-state resistance Only single-shot operation
driven High power operation Poor reliability
switches Expensive
Plasma Erosion High power operation Developing technology
Opening High switching speed Short life-time
Switch Repetitive operation
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2.3 Applications of opening switches
2.3.1 Fault Current Limiters

Fault current protection is required in electrical transmission and distribution
systems. In the event of an accidental short circuit (or a fault) the current in a part of the
circuit rises suddenly. Without protection the sudden increase in current will
catastrophically destroy devices connected to that part of the circuit. An opening switch
in series with such devices [Fig. 2.3.1.1(a)] can prevent the flow of large fault
currents. To interrupt the fault current, the opening switch must absorb all the energy
stored in the circuit's stray inductance and then withstand the high voltage remaining on
the source as shown in Fig. 2.3.1.1(b). Fault-current limiters can also be designed so
that the opening switch diverts any excess current away from the circuit while the load

current stays constant.

— VOV — A Fault current
L S } | without S
opening
C) HV Lad Fault current
limited by S
Power Supply
>
Fault occurs¥ S opens t
(@) (b)
Figure 2.3.1.1 Operation of fault current limiter. (a) Opening switch used for fault-current

protection. (b) Current waveform showing effectiveness of opening switch in limiting fault current

magnitude. [13]

The present techniques in fault-current protection employs mechanical circuit
breakers. However, these circuit-breakers operate at the zero-crossing of the alternating
source current. Therefore, the components above the fault have to withstand the
destructive effects of the short-circuit currents for 8.33 ms or 16.67 ms (for 60 Hz ac),
depending on whether the fault is symmetric or asymmetric[14]. A much more
attractive device is a current limiter that clips the fault currents and reduces damage to
the circuit components. This will reduce the fault duration and improve the dynamic
stability of the transmission system. Ultrafast fuses and thyristors are such devices.
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These are not suitable for high voltages (above 10 kV). Superconducting fault current
limiters (SFCL) are therefore being developed due to their superior speed and power
handling prospects.

In its simplest form, the SFCL consists of a series superconducting element.
However, to avoid excessive heating in the superconductor, a shunt resistor is placed in
parallel with the switch. During normal operation the superconducting switch carries
the current. When a fault occurs, the superconductor is switched to its resistive state
and the shunt resistor offers the necessary impedance to limit the fault current (Fig.
2.3.1.2). The switching may be achieved by heating it above T.. The superconducting
element should have high current carrying capacity. In order to commutate most of the
current to the shunt resistor, the normal state resistance of the superconductor has to be
high. Important material parameters are therefore high normal state resistivity (pN) and
high critical current density (J.)[15]. Uniform heating of the switch is also important.
Non-uniform heating leads to local hot spots which result in large transient dissipation
in the superconductor. Visible and IR radiation are considered the best choices for
heating, whenever possible. It is also preferable to design the switch to be self
sustaining. The heating of the superconductor in the normal state due to the residual
current flow should maintain the superconductor above its transition temperature as
long as the switch is required to stay open.

shunt resistor

superconductor

Source () * E] load

Figure 2.3.1.2 Resistive fault current limiter. The superconducting switch may be triggered

thermally (e.g. a laser pulse) or by a pulsed magnetic field or by exceeding the critical current density.

There is also a self-triggered switching scheme based on exceeding the critical
current density of the superconductor. This can be of two types : resistive and
inductive. The same considerations regarding material properties discussed in the
previous paragraph apply to this case. As shown in Fig 2.3.1.2 the superconductor is
shunted by a resistor under normal operating conditions. When the fault occurs the
critical current is exceeded and the superconductor becomes resistive. The resistance of
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the superconductor increases from zero towards its normal state value as the quench
occurs!. As before, the shunt resistor limits the fault current.

For the inductive design [16], a primary normal metallic coil is coupled to a
shorted superconducting secondary (usually a hollow cylinder) through a ferromagnetic
core. Under normal operating condition, the superconductor screens the primary field.
At 60 Hz, the ac hysteretic losses in the superconductor are negligible compared to the
inductive impedance?. When the fault occurs the superconductor quenches and
develops a resistance Ry. The transformed impedance (N 2Rn) at the primary is very
high3 and limits the fault current. This configuration is fundamentally the same as our
inductively-coupled switch (chapter 5). This type of SFCL is considered the most cost-
effective [17]. Various elegant designs of the inductive fault-current limiter have been
studied and implemented [18-23].

ferromagnetic
core

Figure 2.3.1.3 Inductive fault current limiter. The superconducting tube acts as a single-

turn shorted secondary with a normal state resistance of Ry,

1Usually several normal zones start simultaneously and propagate. If the total normal state resistance is
not achieved in a few milliseconds, the zones collapse as joule heating decreases following reduction of
current.

2from the leakage flux in the gap between the core and the superconducting cylinder.

3 Typical turns ratio is 100:1. So for a 50 A system a critical current of 5 kA is required.
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2.3.2 Pulse Sharpening

Opening switches are used to sharpen a current pulse from a capacitive
discharge[13]. A load requiring a fast rising current pulse is bypassed with a closed
opening switch, during the initial partof a capacitive discharge [Fig. 2.3.2.1(a)]. Near
peak current, the switch opens, forcing a rapid transfer of the current to the load [Fig.
2.3.2.1(b)]. These are required in applications such as weapons simulation, missile
launching, and inertial confinement fusion.

L | | 4

Current| Icq
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(a) (b)
Figure 2.3.2.1 Pulse sharpening using an opening switch. (a) Opening switch used for

pulse-sharpening of the current from a capacitive discharge. (b) Wave forms of capacitive discharge

current and load current[13].
2.3.3 Energy extraction from inductive storage

The standard inductive energy storage system [Fig. 2.3.3.1(a)] is used to
supply power in the form of a large single pulse or a train of high power pulses.
Energy is transferred from the inductive storage to the load each time the opening
switch operates [Fig. 2.3.3.1(b)]. Such systems are widely used for pulsed particle
accelerators and lasers, nuclear fusion, high power radar, induction heating systems
and defense.

Many of the systems require repetitive operation and have a low output duty
factor (ratio of pulse width to pulse interval). The average power is an equally low
fraction of the peak power in a pulse. Therefore, instead of using a power supply rated
at the peak pulse power, to drive the load directly, it is generally more practical to use a
power supply rated at the average pulse train power, in conjunction with an energy
storage system. The energy store is charged by the power supply during the interval
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between pulses and then discharged to produce the output pulse. An alternative mode of
operation is to use a larger energy store with the total energy of a train of pulses and
recharging it from a much smaller power supply in between pulse trains. The advantage
of using an energy storage increases as the repetition rate decreases. In the limit, a
single shot operation, an energy storage is almost mandatory.

— YV o Current
L I I
Ij oad
() Source S \ 7 I} oad
%’ Load
t
S S
opens closes
(a) (b)
Figure 2.3.3.1 Energy extraction from an inductive energy storage system. (a) Opening

switch used in an inductive energy storage system to transfer energy to a load. (b) Simplified
waveforms of the storage coil current and load current for an inductive energy storage system. The
current through the power supply remains nearly constant. The cross-hatched area represents the current

through the switch[13]
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2.4 Inductive Energy Storage Systems
2.4.1 Why inductive energy storage?

Energy storage systems can be capacitive, inductive, chemical (batteries and
high explosives), or inertial (rotating machines). The salient features in comparing
these systems are energy storage density, storage losses, charging and discharging
times, cost and size. Fig. 2.4.1.1 and Table 2.4.1.1 show a comparison of various
energy storage methods. High explosives have the highest energy density and short
energy release times (ls), but they are limited to single-shot operation and require
expensive auxiliary equipment to convert the chemical energy to electrical energy.
Chemical storage, such as batteries, have high energy storage density but have low
power capability and long charging and discharging times (minutes). Inertial storage
(flywheels) has moderate storage density and moderate power capability. Capacitors
have the highest electrical discharge capability but relatively low energy storage density.
Only inductive storage has both high energy density, a high electrical power capability,
and short transfer times.

Table 2.4.1.1 Comparison of energy storage methods [13]

Storage Device | Energy Density Energy/Weight | Transfer time
(MJ/m3) (MJ/kg)

Capacitors 0.01-1 A 300-500 us
Inductors 3-40 100-1000 ms-|Ls
Batteries 2000 106 minutes

Explosives 6000 5.100 us

Flywheels 400 104-10° seconds

Inductive storage also has a decreasing ratio of cost per unit energy as size
increases. Superconducting inductors can be made essentially lossless and have higher
energy density than normal metal inductors. For non-superconducting or normal coils,
energy must be stored for times less than its L/R time constant to be practical. The need

to charge a normal coil quickly requires a larger power supply than for other storage
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systems. Superconducting inductive energy storage is therefore an economical and

efficient method and is gaining popularity among the power engineering community.

1 I ¥ ] ¥
Inductors

105 - e @ -
R Capacitors ' . High
% 103 b bt explosives |
E Normal  Super-
° conducting
g
5 10 - c@:n -
Q Rotating
(S| F machinery =¥
=
Q
B 103 F = I ' I— .
= Batteries

1 05 1 L L 1 1

0.1 1 10 100 10* 10*
21675 Energy Density (MJ/m?)
Figure 2.4.1.1 A comparison of different storage methods in terms of their energy density

and transfer time[13].
2.4.2 Superconducting Magnetic Energy Storage (SMES)

Superconducting magnetic energy storage (SMES) was first proposed for use
by utilities, to help them meet peak electricity demands[24, 25]. The SMES systems
were to store gigawatts of electricity for several hours at a time. However, smaller units
storing energy of the order of kWh with peak powers in the MW range, called p-SMES
(micro-SMES) have been commercialized before the larger units. The application of -
SMES is for power quality improvement. American commerce and industry face a
major problem with power quality which is estimated to cost $26 billion per year. This
is caused by momentary (0.5-2 s) power sags and outages. Studies have shown that
85-90% of the time a sag, or a drop in the line voltage, is the cause of a failure. These
problems mainly affect automated manufacturing processes such as semiconductor
manufacturing, paper industry, chemical factories and assembly lines in the automobile
industry, where the manufacturing process is controlled by digital electronic equipment.
To provide an Uninferruptible Power Supply (UPS), small superconducting magnetic
energy storage (L-SMES) can be used. This consists of a superconducting magnet
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(usually Nb-Ti or Nb3Sn) connected to the load through a switch which opens in case
of a line power failure. The advantages of SMES are the following[26]:

1) Many charge-discharge cycles implying longer life (~30 years, much longerb
than batteries).

2) Discharge times are very short (ms) and charging times are short compared to
other devices ( a few seconds).

3) It has no moving parts, except for the refrigerator.
4) Can be made more compact than other systems.

5) Even pu-SMES is very powerful. It can handle large carry-over requirements
(750-1400 kV A-seconds)

6) No explosive gases, corrosive or toxic materials, or heavy moving masses.

Commercial pu-SMES units, made by Superconductivity Inc., are called
Superconducting Storage Devices (SSD). Several of these units have now been
installed and have performed admirably. A matter of concern for SMES is the strong
static magnetic field. Usually there is a safety radius of 5 m. Outside this safety zone
the field is less than 1 mT and does not pose any significant danger. The other danger is
a failure in the cryogenic support system resulting in quenching of the magnet. This is
extremely dangerous when the magnet is fully charged. However the possibility of this
happening is very remote. Usually‘the refrigerator has 100% redundancy. If the
refrigerator fails the other back-up refrigerator takes over. If that fails too, the magnet
has a storage of liquid helium of 50 to 60 hours (usually enough time for repairs or
replacement) and additional helium can be added in the cryostat hosting the magnet. If a
situation requires emergency shut down, the magnet can be discharged in 3-5 seconds
by placing a dump resistor in series with the coil. The SSD installed at an IBM plant in
Fishskill, NY has performed admirably[26]. It has operated through more than 30
voltage dips preventing the tester units from tripping. The testers in the plant not
supported by SSD did trip during those events.

The interest in large scale SMES system has recently been revived by a

cooperative program between Babcock and Wilcox, Anchorage Municipal Light and



24

Power, and Advanced Research Projects Agency (ARPA) of the U.S. Department of
Defense[27]. Bechtel Corp. has performed research on technical, economic, risk-
reduction aspects of SMES in collaboration with a group of companies (including
General Electric, General Atomics, and Martin-Marietta), and institutions (Houston
Advanced Research Center, National High Magnetic Field Lab) for over a decade
now[28]. In the near future a commercial demonstration of their IMWh, 500MW
SMES system will be operated on the San Diego Gas & Electric system. The Defense
Nuclear Agency has conducted a dual-use SMES program for military and civilian
applications, and concluded that the w-SMES is now ready for commercial

exploitation[29].
2.4.3 Need for a lossless opening switch : Motivation for our research

Ideally a SMES should operate in the lossless persistent current mode. After
charging the magnet, the charging power supply can be removed and the magnet can be
left in the stand-by mode as circulating currents flow without resistance in the
superconducting winding. The stored energy is released by opening a switch connected
in series with the magnet. Alternators and transformers are then used to deliver the

released energy to a load, typically requiring ac power.

In commercial t-SMES systems, this opening switch is a power semiconductor
device. In the closed state, the opening switch carries the entire magnet current and
dissipates energy through Joule heating. This is highly undesirable since this resistive
switch does not allow true persistent current operation of the magnet. Consequently,
the energy lost in the switch needs to be replenished constantly by keeping the magnet
power supply connected at all times. This energy loss in the commercial p-SMES,
SSD, can be several kilowatts. A u-SMES is used for power quality improvement, to
provide back-up power to ride over the momentary sags and brown outs. These events,
though detrimental to automated manufacturing processes are relatively rare — from
once a week to once in a few months. Therefore, the t-SMES is left off-line most of
the time. Just to have the capability of supplying the extra energy at the occurrence of
sags, several kilojoules of energy is wasted every second by the lossy series opening
switch.
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This energy loss can be prevented by using a superconducting opening switch.
A superconducting switch, being lossless, allows the magnet to operate in the persistent
current mode indefinitely before it is required to release the stored energy. The
cryogenic system required for the superconducting magnet can also support the
superconducting switch. Unlike other applications (e.g. a fault current limiter), in this
case, the cryogenic requirement of the superconducting switch does not impose an
additional operational expense. This provides a strong motivation towards development
of a high current superconducting opening switch.

In the past, there have been some studies of a superconducting switch using
both bulk and thin film low-temperature superconductors (LTS). The bulk LTS
material, stabilized in a normal metal matrix, has small normal state resistance and is not
suitable as an opening switch. Very long lengths are usually needed and the thermal
recovery time is poor due to small surface to volume ratio. A group at Argonne
National Laboratory studied 1 pm thick Nb thin film switches[30]. They used a pulsed
magnetic field to trigger a transition of the switch to its normal state. As we have
already mentioned in section 2.3.1, the main requirements of a superconducting
opening switch are high critical current density and normal state resistivity. Although
these Nb films had high critical currents (2.8 MA/cm?), the normal state resistivity was
low (12 pQ-cm). The opening time for these switches was 3 ps. NbN has a higher
normal state resistivity, and has been used for thin film switches[31]. Optical triggering
was usually employed in these designs. The switching currents were typically 1-5 A
and switching times were 10-100 ns.

While these results were promising, they did not lead to any commercial switch
design. With the discovery of ceramic HTS materials, exhibiting high normal state
resistivity, the interest in high power switching devices has been renewed[32, 33].
However, material problems and strong competition with highly developed power
semiconductors, prevented active research in this area. The recent emergence of SMES
technology and improvement of material parameters (especially critical current density)
has created a new opportunity for HTS opening switches. Thin films of YBCO have
current densities as high as 10-50 MA/cm? at 4.2 K and 1-5 MA/cm?2 at 77K. For a 1
cm wide 1 pm thick switch, this translates to switching currents in the 100 A to 5 kA
range. These materials also absorb light efficiently and can be suitably triggered with a
laser pulse. We, therefore, chose to explore an optically triggered thin film
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superconducting opening switch. Our contactless design (chapter 5) of the inductively
coupled switch is particularly attractive from the point of view of SMES technology.
Here the stored energy is coupled out to a magnetically-coupled load by removing a
superconducting flux screen that acts as the switch. Unlike most other cases, in this
design the switch does not interrupt the source current and is particularly suited for
energy extraction from a SMES magnet.

In the past five years, the critical current density of bulk HTS materials has
increased by three orders of magnitude. Despite the very high current densities, thin
films can not carry very large currents. For very high current switches, bulk HTS
materials or thick films will be used in future.
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PHYSICAL PROPERTIES OF SUPERCONDUCTORS
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3.1 Introduction

Superconductors are among the most interesting materials of the twentieth
century. The enormous potential of superconductors in engineering, combined with
their exotic physical properties, has stimulated the interest of scientists all over the
world, throughout the century. In order to appreciate any superconducting device, such
as our switch, it is therefore necessary to describe the physical properties of
superconductors. Superconductors exhibit "perfect" conduction of electrical current
(i.e., zero resistance) below a certain temperature (called the critical temperature, T,),
provided that the current density is smaller than a critical value, J. .The absence of dc
electrical resistance makes superconductors very attractive for application where high
current carrying capacity is required. Commercial magnet wires (Nb-Ti or Nb3Sn) can
carry current densities of 1010 A/m2 and higher. However, there are many other
properties of superconductors that are unique and lead to novel applications. In section
3.2 we describe the different classes of superconducting materials with relevant
examples.

The electrical and magnetic properties are intimately related and are discussed
together in section 3.3. As shown in Fig. 3.1.1, the superconducting state exists in a
parameter space bounded by three critical parameters : critical temperature (7), critical
current density (J), and critical magnetic field (H,). The superconducting state can be
destroyed by exceeding any one of these critical values, each dependent on the other
two parameters. Superconductors can:be classified into two categories, type I and type
I1, according to their magnetic properties. Only type II superconductors can operate in
(and produce) large magnetic fields. The material used in our switches, YBaCu3O7.x
or YBCO, is a type Il material. We have discussed the relevant thermal and optical
properties of superconductors in sections 3.4 and 3.5. The useful material properties of
YBCO are summarized in section 3.6.



29

Figure 3.1.1 The J-H-T phase diagram showing the superconducting state.

It is beyond the scope of this work to discuss most of the physical properties of
superconductors, for example Josephson tunneling, vortex dynamics in type II
superconductors, microwave properties and thermodynamics. We shall only discuss

the properties that are relevant to our superconducting switching device.
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3.2 Different Classes of Superconducting Materials.

There are over 6000 known superconducting elements, compounds and alloys
classified into several groups according to their properties. We shall give a brief

description of each group, focusing on practical superconducting materials.

3.2.1 Metals

Superconductivity was first discovered by Kammerlingh-Onnes in thin capillary
tubes of Hg. Although the majority of superconductors are not pure elements but
alloys and compounds, metals were the first to be identified as superconductors. They

are also the most extensively studied and the best understood materials. Table 3.2.1
shows the values of T, and H, of some metallic superconductors[34]. Nb has the

highest T, at 9.3K. The mechanism of superconductivity is the pairing of electrons with

opposite spin and momentum through electron phonon interaction. The BCS theory is
best applicable to this class of materials.

Table 3.2.1 Critical temperature and magnetic field of some metallic
superconductors.

Element T. (K) H: (G)
Al 1.196 99
o-Hg 4.15 411
Nb 9.26 1980
Pb 7.19 803
Sn 3.72 305
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3.2.1 Alloys

For the fabrication of high-field superconducting magnets, metals with low
critical magnetic fields were found unsuitable. The discovery of type II metallic alloys,
with high upper critical field (H.2), was crucial to the manufacturing of
superconducting magnets. Nb-Zr alloy was first used to make magnets and was
subsequently replaced by Nb-Ti. Nb-Ti is a ductile alloy with T = 9.5 K and
BB, = UyH.,= 13.6 T. This is the material for most superconducting magnets,
including the one used in our experiment. The preferred composition is 46.5-50% Ti
and 53.5-50% Nb.

Nb T BILLET

CuliD Cu EXTRUSION CAN

HEXAGONAL ROD

CI.T! CORE ROO ) /

ANNEAL
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JNSU-
LATE

Figure 3.2.1 Manufacturing process of filamentary Nb-Ti copper composite wire [35].
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Fig. 3.2.1 shows the major process steps for the wire manufacture, starting
from a NbTi billet inside a copper extrusion can. The extruded bar is cut into hexagonal
rods and extruded into multifilamentary wire. The reason for producing a
multifilamentary wire is to maximize the surface-to-volume-ratio of the superconductor
which carries the current in a surface layer. The copper matrix provides mechanical
stability and shunts the higher normal resistance NbTi in the event of a quench (a
catastrophic breakdown of superconductivity caused by exceeding J. or rise in
temperature due to a cryogenic fault). The copper matrix also allows rapid conduction
of heat away from the superconductor when the quench occurs.

3.2.3 A15 materials

Until the discovery of High-T. cuprates, most of the higher 7, materials
belonged to this group which is named after their crystal structures. This class of
materials have the stoichiometry A3B, where A is a transition metal (Nb, V, Ta, etc.)
and B is a metal or semiconductor (usually from IIIA or IVA columns of the periodic
table), such as Ga, Ge, Sn or Si. Nb3Ge has the highest T, of 23K. These compounds
exhibit high upper critical fields (36T for Nb3Ge, 22T for Nb3Sn) and are ideal for
producing high field superconducting magnets. Although brittleness makes it difficult
to produce wires, the problem is solved by drawing a multifilamentary wire of A15
compound (V3Ga or Nb3Sn) embedded in a bronze stabilizing matrix. It is important to
mention here that T, of Al5 compounds is very sensitive to change in the

stoichiometry, and the 3:1 ratio is found to yield the compound with maximum 7 .

Filamentary Nb3Sn manufactured by the bronze process[35]. Nb rods are
inserted in a bronze cylinder with drilled holes. The bronze cylinder is then extruded

and drawn or drawn directly. The wire is then heat treated at 700°C for 1-10 days.
During this heat treatment tin from bronze reacts with Nb to form Nb3Sn.

3.2.5 B1 compounds

These compounds have the B1 crystal structure (like NaCl) which is face-
centered cubic with alternating A and B in all directions. Compounds like NbNg 92 (T
=16K) and NbCg 1Npg (7, =18K) have high transition temperatures and are far more
resistant to radiation damage and disorder than A15 compounds. These are also brittle
but are extensively used in thin film form for superconducting electronics.
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3.2.4 Cuprates

The discovery of superconductivity in La-Ba-Cu-O system[36] by Bednorz and
Muller (1986) resulted in an unprecedented intensity of research throughout the world,
in search of high temperature superconductors. Transition temperatures higher than the
liquid nitrogen temperature (77K) in Y-Ba-Cu-O system made superconductors a
household name. The key component was identified to be YBapCuzO7_5, known as
YBCO or 1-2-3.

o Cu
oo
© Ba
Y

Figure 3.2.2 Crystal structure of YBapCu307. a = 3.8198 A, b = 3.8849 A and ¢ = 11.6762
A37]

This breakthrough is particularly important since liquid nitrogen is
comparatively much cheaper than liquid helium as a cryogen, and large scale industrial
applications with high-T¢ superconductors cooled by liquid nitrogen appear feasible.
Subsequently, superconductors in the systems Bi-Sr-Ca-Cu-O with T¢ up to 110K,
T1-Ba-Ca-Cu-O with T, up to 125K, and Hg-Ba-Ca-Cu-O with T¢ up to 130K were

discovered.
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The crystal structures of copper oxides are anisotropic, exhibiting two-
dimensional features (Cu-O planes). In addition, the 1-2-3 material (Y-Ba-Cu-O) has a
well defined one dimensional feature, namely, the chains. The anisotropy of the crystal
structure manifests itself in the high conductivity along the Cu-O planes. The metallic
behavior of Cu-O planes is attributed to removal of electrons or formation of holes in
Y-Ba-Cu-O (1-2-3) or La-Sr-Cu-O (2-1-4) systems. Formation of chains in 1-2-3
compounds is responsible for the removal of electrons and the conductivity depends on
the concentration of O in the planes. The crystal structure of YBapCu30O7 is shown in
Fig. 3.2.2.
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3.3 Electrical and Magnetic Properties
3.3.1 Electrical resistivity

The electrical resistivity in superconductors vanishes for temperatures below a
critical value, called the critical temperature (T ). If we measure the resistivity of a
superconductor as it is cooled down from room temperature, we observe that the
resistivity drops abruptly to zero at the critical temperature. This transition of the
material from a normal or resistive state to the superconducting state is attributed to
pairing of electrons through an attractive interaction of electrons. For most conventional
superconductors, this attractive electron-electron interaction is explained by the
Bardeen-Cooper-Schriefer (BCS) theory[38]. Below T, electrons of opposite
momentum and spin form pairs, called Cooper pairs. The attractive interaction results
from the distortion of the ionic lattice by the motion of an electron and is mediated by
lattice vibrations or phonons. For high temperature ceramic superconductors there is
evidence of pair formation, although whether they are mediated by phonons or by other

means (such as excitons) is a matter of controversy.

An example of the superconducting transition is shown in Fig. 3.3.1.1. The
resistance of a 20-um wide microbridge of 400 nm thick YBCO film on LaAlO3 is
plotted as a function of temperature. The zero-resistance transition temperature (7g) is
91.5 K and the width of the transition is 0.5 K. This is one of the samples used for the
inductively-coupled switch (chapter 62.

In the superconducting state the material can carry a dc current without loss.
However if the current exceeds a certain critical value, called the critical current (), the
material becomes resistive again. More accurately, it is the critical current density (J; )
that determines whether the material will make a transition to the normal state. If the
current distribution is non-uniform, as is often the case, the transition occurs in the
region where J. is exceeded.
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Figure 3.3.1.1 Resistance of a thin YBCO film drops to zero at a transition temperature of
915 K.

3.3.2 The two-fluid model

As the superconductor is cooled below its transition temperature, an increasing
fraction of the electrons form Cooper pairs in such a way as to lower the total energy of
the system. At T = 0, the pairs form ‘the lowest energy state, called the ground state.
There is an energy gap! (A) between this ground state and the lowest available excited
state. Electrons may be excited from the ground state by increasing the temperature
(phonons) or by electromagnetic radiation (photons), providing an energy greater than
A for each electron. Since the electrons are paired two excitations must be created to
break a pair, requiring a minimum energy of 2A. This is the binding energy of a
Cooper-pair. Thus a superconductor at T << T, does not absorb a photon of energy

less than 2A. The energy gap is a monotonically decreasing function of temperature and

lalso called the gap parameter or the order parameter
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reduces to zero at T¢. The value of the gap at T = 0is A(0) = 1.76kgT., according to the

BCS theory. For high-T¢ cuprate materials the exact nature of the gap is not well
understood, although the existence of a gap of the order of kT, has been confirmed.

Two electrons of opposite spins (T and | ) and momenta (k and —k ) constitute
a pair. Therefore, an excitation must create an electron (k T) and annihilate its pair
(=k ). Since the occupation probability of an electron much below and much above
the Fermi surface are 1 and O respectively, creation of an excitation much below the
Fermi surface resembles a hole and the one much above resembles an electron. Around
the Fermi surface the occupation probability is between O and 1. The excitations in that
range are either electron-like or hole-like depending on whether they are above or below
the Fermi surface[39]. These excitations are called quasiparticles (quasiholes and
quasielectrons).

Electrical conduction of superconductors can be understood by a simple model,
called the two-fluid model, that assumes existence of two parallel conduction channels,
consisting of Cooper pairs and quasiparticles, at a temperature 0 < T <7..[39] The
Cooper pairs conduct current without resistance and the resistance of the normal

channel is shunted by the zero-resistance superconducting channel. The supercurrent
density (J,) depends on the number density of electron pairs (n,),

J, =—-ne*v,, (3.3.2-1)

where e* =2e, and v, is the velocity of the superconducting pairs. The normal fluid
carries a current density, J,, given byl

J,=—n,ev,, (3.3.2-2)

where n,, and v, are number density and velocity of the normal fluid. The admittance of

the material to ac fields has both a real and an imaginary part. The real part,
corresponding to losses, is due to the normal fluid, while the imaginary part is due to

the inertia of the superconducting fluid? [Fig. 3.3.2.1]. The equivalent circuit element
for the normal fluid is a resistance with resistivity p = p,n/n,, where n=n;+n,. The

2There is a small component due to the inertia of the normal fluid that is usually neglected.
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superconducting fluid corresponds to an inductive circuit element, called the kinetic
inductance (section 3.3.3). This inductive component shorts out any dc current. The
two-fluid model is valid only for sub-gap ac fields (well below THz frequencies).

normal fluid

In
Js
superconducting fluid
Figure 3.3.2.1 The two-fluid model.

3.3.3 Meissner Effect, London's Equations and Penetration Depth

In addition to the 'perfect’ conducting property, superconductors exhibit the
Meissner effect[39]. This effect, resulting in flux expulsion from the bulk of a
superconducting material, can be summarized as follows. If a superconductor is placed
in an external magnetic field (Bexy), lossless screening currents are set up in a thin
surface layer of the material. The screening currents completely compensate the external
field. In other words, the magnetization (M) produced by the screening currents is
equal and opposite to the field H, inside the bulk of the superconductor. We know that,
B=uy,(H+M)and M = yH. Therefore, for a superconductor, y = -1 and B =0 and

it is a perfect diamagnet.

¥

To describe the electrodynamics of the superconducting state, F. and H.
London formulated two equations which are known as the first and second London's
equations[39]. Although these were formulated much before the BCS theory was

proposed, they can be derived from the microscopic BCS theory. The two equations
relating supercurrent, Jg, with the electric and magnetic fields are as follows3:

/ot =E[u,2?, (3.3.3-1)

3More generally Eq. 3.3.3-10
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VxJ,+B/ugA® =0. (3.3.3-2)

The parameter A is known as the London penetration depth and is given by,

A =+m*/ugne*?, (3.3.3-3)

where m*, ng* and e* are the effective mass, density and charge of Cooper pairs. From

Maxwell's equation,
VxH=],. (3.3.3-4)
Combining equations 3.3.3-2 and 3.3.3-4 we get,
V2B+B/A* =0, (3.3.3-5)
and Vi, +J,/A% =0. (3.3.3-6)

Equations 3.3.3-5 and 3.3.3-6 explain the Meissner effect. Let us consider an interface
between vacuum and semi-infinite superconductor as shown in Fig. 3.3.2.1 where a z-
directed magnetic field (Bg) is applied. This gives rise to a current Jy, in the
superconductor in the y-direction. From equations 3.3.3-5 and 3.3.3-6 we get,

0B, B

__Z_=_Z.:> B =B e_x/z' (333-7)
axZ /12 z 0
32sz I By i
and 9x2 = ? = sz = },_/_[Oe . (333-8)

Both the magnetic field and the screening current density decay exponentially
with a characteristic length A. The penetration depth (A) is an important parameter in
superconductors and the values for some materials are listed in Table 3.3.3.1. For
anisotropic high temperature superconductors (e.g. YBCO) the effective mass along c-
axis (m: ) is much larger than the effective mass in the ab plane (m;b). Therefore, from
equation 3.3.3-3, the penetration depth along c-axis (A.) is smaller than that in the ab
plane (Agp).
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y
Superconductor
X
Figure 3.3.3.1 Screening currents (J;) are set up inside the superconducting half-space to
screen the applied field By.
Table 3.3.3.1 Penetration depth of superconductors
Material Penetration Depth
(nm)
Nb 40
NbN 250
Nb-Ti 60
Nb3Sn 80
YBa,Cu304 150 (along c-axis)
600 (in ab plane)
Bi2$r2Ca2CU3010 200 (along c-axis)
1000 (in ab plane)

inetic Inductance

Kinetic inductance is the inductance associated with the kinetic energy of the
superconducting fluid4. Let us consider a superconducting bridge of length ¢, width
w, and thickness d carrying a constant current I. If the supercurrent density (Jy) is

assumed to be uniform,

4This is in addition to the usual magnetic inductance.
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J,=1/wd (3.3.3-9)

Assuming Jg to be constant, differentiating equation 3.3.2-1 we get,

dl; _,
dt
= ng dvg +vsini=0
t dt
- dvg __ .215* dng
d  nge dt (3.3.3-10)
Now from London's equation[39],
dv/dt =(e*/m*)E. (3.3.3-11)

Combining equations 3.3.3-9, 3.3.3-10 and 3.3.3-11 and substituting V=E./ we
obtain,

* .
y=r tmtt Ldn ) jdhin (3.3.3-12)
n; dt dt

&)

Therefore kinetic inductance (Ly;,) is defined by,
Lyjn = (4/wd)(m*/ne ¥*) = poA?(¢/wd). (3.3.3-13)

The kinetic energy of the superconducting fluid can be written in terms of the kinetic
inductance as

Etin =(%m*vs2ns)fwd=%Lkinl2. (3.3.3-14)

3.3.4 Critical Magnetic Field for Type I Superconductors

We have mentioned the critical magnetic field (H..) before. This is the magnetic
field at which the superconductor makes a transition to the normal state (x=0). Fig.

3.3.4.1 shows the magnetization as a function of externally applied magnetic field
(H,y = B, /1tg) for a type I superconductor. Fig. 3.3.4.2 shows the temperature
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dependence of H,. For type I superconductors, H. is the same as the thermodynamic
critical field (H, ;) which is defined in terms of difference in free energies as follows,

Hean
’ 1
Gn(0,7)— G50, T)=~V; jM.dH =5 Ho H2,(TV, (3.3.4-1)
0

We can see that for zero applied field below T, G, > Gg, implying that the

material will be in the superconducting state, which is the lower free energy state. If we
apply a field Hex¢ = H, for a superconducting slab of width @ >> A, B =0, inside the
superconductor and therefore dGg = 0. For the same slab in the normal state B = yoH
and dG, =-Vu,M.dH.

d[G,(H,T) - G,(H,T)]=-VuoHedH (3.3.4-2)
Integrating from O to some field H,,;,
1 2 2
Gn(H,T)- G4(H,T) = E#OV[ Houn= Howl (3.3.4-3)

For H,, < H_, (G, >G;), the material is in Meissner state (B=0) and for
H,, > H, ,,the material is in normal state.
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Figure 3.3.4.1 Magnetization of Type I superconductor showing superconducting and

normal phases below and above the critical field (H ) respectively.
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Figure 3.3.4.2 Critical field (H¢ ) as a function of temperature(7T). The temperature

dependence is approximately given by H.(T) = H, (0)[1 - (T/ Tc)z] 391



3.3.5 Demagnetization Factor

So far, in our discussion we have ignored the effect of the shape of the
superconductor. Geometrical shape results in the distortion of the internal magnetic
field H of a material and is described by a demagnetization factor (D). For a very long
cylindrical rod D=0. If we take an ellipsoidal material with its major axis parallel to the
external field then the magnetization changes the effective field (B.g) the material
experiences.

Beﬂ' = Bext - D‘U()M (335-1)

M for a superconductor in the Meissner state is determined by the screening surface
currents and is therefore given by,

M=~B, /1. (3.3.5-2)

Combining equation (3.3.5-1 ) and equation ( 3.3.5-2) we get,

By = —L. 3.3.5-3
Y 1-D ( :

For example, D=1/3 for a sphere and so for a spherical sample

3
Beﬁr ='2'Bex,. (3.3.5-4)

Fig. 3.3.5.1 shows a sample with the shape of an ellipsoid of revolution. If a magnetic
field is applied along the axis of revolution the demagnetization factor can be
approximated by,

D=1-ma/2b . (3.3.5-5)

For a thin plate with the field applied perpendicular to the plate can be approximated by
an ellipsoid with a<<b. In this case D approaches unity as a/b approaches zero. From
equation 3.3.5-3,

Jim By /Beg =2b/ma = O(b/a) (3.3.5-6)
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Figure 3.3.5.1 An ellipsoid of revolution with a magnetic field applied along the axis of

revolution.

In our experiments we have used 1 cm? thin films of thickness 600-800 nm, a/b
< 10-4. If flux is completely excluded, the field just outside the superconductor will be
extremely high due to this effect. As will be explained in section 3.3.9, the depression
of critical current density in high local magnetic field will allow flux entry from the
edges. Consequently, complete flux exclusion does not take place in this situation. As
the flux is allowed to enter at the edge, the demagnetization factor also decreases.

3.3.6 Critical Magnetic Fields for Type II Superconductors

Virtually all practical superconductors, including the high-T¢ compounds, are
type II superconductors. Only the simple elemental ones (Pb, Hg, Sn, In, Al) are type
I. Therefore, we will focus our attention on the magnetic properties of the type II
supercnductors. In type II superconductors, there is a lower critical field (H,;) and an

upper critical field (H.2). For H.yy <Hj the material is in the Meissner state. For
H., < H,, < H., flux enters the material in the form of vortices or flux quanta and the

material is in a “mixed” or vortex state. For H,,, > H_, the material becomes normal.
To find H.j and H. 7 we can do a thermodynamic analysis similar to the one for type 1
materials. Before we do that it may be appropriate to look at the entering of magnetic
flux above H,j, from an intuitive point of view.
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The difference between a normal and superconducting region of the same
material lies in the fact that the pair density 7, is zero in the normal region but is finite
(being a function of T) in the superconducting region. The condensation of electron
pairs is responsible for the reduction of free enthalpy making the superconducting state
thermodynamically favorable. The pair density n, does not change to zero abruptly at a
phase boundary but varies over a characteristic length, called the coherence length ().

We have two energy contributions at interface between superconducting and
normal regions[40]. The first one, E,, is associated with exclusion of magnetic field
and the second one, E- is the pair condensation energy. In the normal region,

Ey =0=E,. In a superconducting region of volume V, E-= —;—,uo ny,hV. At the

interface the field penetrates to a depth A and E,, is smaller by an amount,

AEy, = %poAle for H< H_ ,, where, A is the interface area.

The condensation energy E¢is also reduced since the pair density varies over a

length & by the amount AE- = %Aéuo H%M.
1
AE:AEC—AEM=(§HQM—AH%5yW4 (3.3.6-1)

We see that the loss of condensation energy is over-compensated by the gain in
exclusion energy, if AE < 0, so that the formation of interface can be accompanied by
a gain in energy. For AE <0,

éHZ,,h < AH?

H2
e A (3.3.6-2)

or, —_—
H?> &

Soif A>¢ , even for H< H_,, , there will be magnetic field penetration into

the superconductor. Intuitively, it is easy to see that for this type of material allowing
field to penetrate we have reduced the exclusion energy Ep so that the material can still
remain superconducting. Therefore, higher external fields will be required to break
down the superconductivity.
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This intuitive picture is justified in detail by the Ginzburg-Landau theory[41].
The ratio x = A/ is called the Ginzburg-Landau Kappa. At a field H = H.y, it
becomes energetically favorable for the magnetic field to penetrate the superconductor.
The field penetration occurs in quantized amounts>, called vortices. A vortex has a
normal core® of radius &, surrounded by superconducting region, where the screening
current and magnetic field still vary on the scale of A as given by Egs. 3.3.3-5 and

3.3.3-6. The thermodynamic critical field H. can be expressed from G-L theory as,

9o

H=————. 3.3.6-3
2V2mugAg ( )

H.] can be expressed in terms of the thermodynamic critical field and the ratio of
coherence length and penetration depth as [41]

|

- 1 1 Ko(8/4)
I_Hc,!h 4\/5

Ny 2
V2 S rKoE/M+ 2 K€/

H, %+ (3.3.6-4)

1
2

and K¢ and K; are modified Bessel functions of second kind of order O and 1

respectively.

Figure 3.3.6.1 shows H_{/H, as a function of x and for x>0.2 H, < H_. For
small k (A << §) H. < H, and the material becomes normal before vortices can enter
and the material is type I. In contrast fpr large Kk (A >> &) H, < H_ and the material is

type IL Ginzburg-Landau Theory gives the critical value of xas 1/ V2. Soif x<1/4/2
the material is type I and x>1/+/2 the material is type II.

If applied field increases, at some point the vortex cores start to overlap and the
material ceases to be superconducting. This field is the upper critical field (H. 7).
Ginzburg Landau theory gives the value for H, 7 as[41]

SA flux quantum is a fundamental quantity defined as ¢, = h/2e =2.07x 10" Wb, where h is the

Planck’s constant and e is the electronic charge.

6A region of depressed order parameter.
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Hy=7—"—5 (3.3.6-5)
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Figure 3.3.6.1 The ratio of lower critical field and the thermodynamic critical field as

function of the Ginzburg-Landau .

It is interesting to note that in the limit when A >> & (which applies for YBCO)

, $o

lim H, = In(A 3.3.6-6

Ai>§ cl 47:;1012 n(4/¢) (3.3.6-6)
H, H, = H?In(x) (3.3.6-7)

Fig. 3.3.6.2 shows the magnetization of a type II superconducting material.
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Figure 3.3.6.2 Magnetization of type II superconductor showing upper and lower critical

fields along with the thermodynamic critical field.
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So far in our discussions we have assumed the material to be isotropic.
However, high temperature superconductors like YBCO are highly anisotropic due to
their planar crystalline structure (section 3.2.4). In section 3.3.2 we have seen how this
anisotropy affects the penetration depth (A < Agp). The coherence length £ is
anisotropic too (&, > &,p). In other words,

S A (3.3.6-8)

éab 'lc

Therefore, the critical magnetic fields, H.; and H. will depend on whether the applied
field is parallel to the c-axis or perpendicular to it. From equation 3.3.6-6,

A
Hllc — ¢o 1 ab
‘! 4 n'.uolab2 ¥ éab

JIC = ¢o In )’ab"{c
¢ 47r.uo)’ablc éabéc

and

(3.3.6-9)

Since A < Agp, the lower critical field along the c-axis is higher than that along the ab
plane (i.e., perpendicular to the c-axis), HY > HJ, the logarithmic factor being
slowly varying compared to 1/ A2 . The values for single crystal YBCO extrapolated to
Zero temperature are Bl."f =0.05T and ij = 0.02 T[42]. Other authors have reported
values of B'$=0.069 T and Bf°= 0.012 T at 11 K[43]. From equation 3.3.6-5,

Hﬂg = % 7
27[#0 ab
and Hy=— % (3.3.6-10)
¢ 27r.uo§ab€c

Since &; < &gp, the upper critical field along the ab-plane (i.e. perpendicular to c-axis)
is higher than that along c-axis. The values of coherence lengths are £ = 0.4 nm and
£45 = 3 nm. From equation 3.3.6-10, B'S= 36 T and By = 265 T. Measurement of

lower critical field from magnetization is difficult due to irreversibility in magnetization

produced by flux pinning. In practice the upper critical field can be measured only close
to T¢c. Magnetization measurements on single crystals have yielded the slopes,
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Bllc lc
dB;; =-10T/K and By =—1.8T/ K[42]. The values at zero

ar T=T, T=T,
temperature can be extrapolated as Bﬂ%: 122 T and Bclf =674 T.

3.3.7 Critical Currents in Type II Superconductor

In the previous section we have seen how flux enters a type II superconductor,
when the applied field is greater than the lower critical field, in the form of vortices.
This is a stable state. If the vortices are free to move they will do so under an applied
current, thereby causing dissipation and limiting the current carrying capacity. However
as we shall see in the next section pinning of vortices by crystalline defects allows the
currents to flow without resistance around the pinned vortices. The trapping of vortices
in the mixed state (H,; < Hgp, < H_,) causes an irreversible magnetization or hysteresis.
Fig. 3.3.8.3 shows this hysteresis.

The upper limit of critical current density is set by the depairing current density
(Jgp)- If we assume that the pinning is so strong that the vortices do not move at all, the
upper limit for current density is determined from energy associated with the current
density. If the kinetic energy associated with pairs, carrying the supercurrent, exceeds
the energy gained by pair condensation, the material will cease to be superconducting.

We have seen that the energy gain per unit volume for the formation of the

: . 1 . e
superconducting state is expressed as 5 /,LOHE, where H, is the thermodynamic critical

field. The kinetic energy per unit volume (Ej;,) associated with the motion of pairs is
given by[41],

1
Eyp =ns(%m*vs2)=5uol2ls2 (3.3.7-1)
where ng, m* and vg are the density , mass and velocity of pairs and Jg is the
supercurrent. Equating the kinetic energy with the energy gain we get the value of
depairing current density as

Ja

HC
= (3.3.7-2)
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uoHc calculated from equation 3.3.6-7, using A, = 150 nm, &, = 0.4 nm, yoH, 1=
0.05 T and poHc2 =36 T, is 3.36 T. Jgp from the above expression is 1.7 x 109
A/cm?2. However as we shall see in the next section the vortex depinning current is
about 20 times smaller than this. In reality the critical currents are 2-3 orders of
magnitude smaller than Jgp [41].

The vortices repel each other. The vortices therefore form a triangular lattice (the
lowest energy configuration) inside the superconductor. This is called the Abrikosov
lattice[44] after its discoverer. In a type II superconductor, in the mixed state, externally
driven current exerts a Lorentz-like force on the vortices. This causes the vortices to
move, resulting in a non-zero resistance. However, the vortices can be "pinned" by
impurities, defects or normal regions in the superconductor, thereby preventing vortex
motion. We have seen how the addition of a vortex (normal core ~ &) raises the free
energy (G) by the condensation energy associated with the core volume. This suggests
that if there are normal regions existing in the superconductor, it is energetically
favorable for the vortex to be in the normal region. If an external current tries to move
this 'pinned’ vortex, a pinning force (fp) will oppose that movement. It must be noted
that vortices form a lattice. Therefore, a pinned vortex would tend to pin the
neighboring vortices.

The critical current (J; ) is defined under such conditions, as the current which
will produce a Lorentz-like force (f; = J.¢,) that will exceed the pinning force f,. The

pinning force per unit length of vortex is given by[41]

a

_ 9 1
f = S (3.3.7-1)

Therefore, P = B = _ % (3.3.7-2)



52

If we substitute A = 140 nm, £ = 1 nm in equation 3.4-20, we get J™ = 8.107 A/cmZ2.

Once the applied current exceeds J. , the vortices will become unpinned and begin to

move, giving rise to dissipation.

Fig. 3.3.7.1 shows a schematic representation of current-voltage characteristics
of type II superconductors. The I-V characteristics are affected by three phenomena
related to flux motion, flux flow, flux creep and thermally activated flux flow
(TAFF).The flux flow is a dissipating (nearly ohmic) regime where flux lines move
under the Lorentz-like force exerted by the current. Flux flow resistivity(pg) is given in
terms of normal state resistivity (pp) by,

B
pF(B)=p,—. (3.3.7-3)
BcZ

Flux creep occurs just below the flux flow regime (when the Lorentz-like force
is just smaller than the pinning force). In this case the temperature is large enough to
overcome the potential barrier due to pinning. Thermally activated flux flow can be
distinguished by the fact that it occurs at currents much lower than the depinning
current and takes place only when the potential barrier is low.

v /

Figure 3.3.7.1 Current-voltage characteristics of type II superconductors.
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3.3.8 Critical State Model for Type II Superconductor

Pinning implies that the vortex (flux) distribution is not in equilibrium. For
superconductor with strong pinning, Charles Bean proposed a model that is known as
the critical state model[46]. In the simplest form, the model ignores the field
dependence of the critical current density (section 3.3.9) and proposes that the flux
density due to pinned vortices will always produce the critical current density, J. . The
argument is as follows. For an applied field exceeding H,.j, vortices will enter a
superconductor from the surface and get pinned. The field distribution inside the
superconductor will produce screening current (J,., =V X H). The screening current
can not exceed J. because that will drive the material normal. On the other hand, the
screening current can not be smaller than J, because that will imply weaker pinning.

B B B
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KoH % —
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Figure 3.3.8.1 The change in average flux density and current density as the applied field

Ho is increased from Hj to Hyax in two steps.

For example, let us apply a field (Hgpp) parallel to the surface of a long
superconducting plate of thickness (2a). For Hgpp <H 1, the Meissner phase,
screening currents in the surface layer (~ A) prevent flux entry. As Hyp,, exceeds H, 1,
vortices enter the superconductor from the surface and are immobilized by pinning
centers near the surface. The region of superconductor penetrated by vortices now
carries a constant critical current J. . This is called the critical state. As Hgpp is

increased vortices penetrate the superconductor increasingly. The critical state model
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assumes that the gradient of the flux density is always constant (dB/dx = ,J.) and
proportional to the critical current density. The screening current is proportional to the
thickness of the critical state layer and decreases the field towards the center of the
plate. Fig. 3.3.8.1 shows how the field and current density vary as the applied field is
increased. At Hgpp = H *=J. a the vortices have penetrated fully. H™ is known as the

penetration field.

B B B
uOHmax A A A

Hots AN/

Koty

Figure 3.3.8.2 The change in average flux density as Hg is decreased from Hyqx of Fig.
3.3.8.1.

If the applied field is decreased gradually [Fig. 3.3.8.2], to maintain the
boundary condition at the surface, the field just inside the surface has to decrease too.
This means that vortices must escape the superconductor starting at the surface. The
field gradient at the surface, which is now opposite in sign, is again equal to J. ; which

flows in the opposite direction. Fig. 3.3.8.3 shows the hysteresis curve.

B

max
2
1
>
3 H
4
Figure 3.3.8.3 The flux density inside the superconductor and magnetization as the applied

field is increased from zero to Hpygy and then decreased from Hpygy to zero.
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3.3.9 Dependence of critical current density on magnetic field

Critical current density (J) at a given temperature is a function of the magnetic
field. In the anisotropic cuprates, J. depends on both the magnitude and the direction
(relative to the crystallographic axes) of the magnetic field. The exact nature of J,(B) is
not well defined, partly because the different measurement conditions regarding the
applied magnetic field (dc or pulsed), type of material used (granular and epitaxial thin
films, single crystals, or bulk materials), and the criteria used for determining J,. In all
cases J. decreases as the magnetic field is increased. In granular materials (both bulk
and thin films) the critical current density decreases sharply at smaller magnetic fields
(< 1T). In these materials J. is given by the intergranular weak links, and can be
modeled as an array of Josephson junctions[47-49]. The depression of J. in these weak
links governs the magnetic field dependence of J.

In epitaxial thin films, the critical current density decreases in high magnetic
field due to thermally assisted flux creep[50-53]. In different regimes it may be limited
by the shearing of the flux line lattice or the individual core-pinnings[53]. The scaling
of the volume pinning force (F, = J. x B) with B is usually studied to determine the

limiting mechanism for J..[54,55]

The planar structure of the cuprates causes anisotropy in the magnetic field
dependence of J.. The critical current density decreases more sharply in a field that is
parallel to the c-axis compared to that parallel to the ab-plane. One reason for this is the
greater intrinsic pinning if the flux ling lies parallel to the ab-plane. The order parameter
(A) is modulated by the planar structure being maximum at a Cu-O plane and minimum
between two planes’. Pinning is strongest in the region of depressed order parameter.
If a flux line is strictly parallel to the ab-plane it interacts with the weakly
superconducting region for its entire length is pinned more effectively. If it is tilted at an
angle it intersects the Cu-O planes at discrete points (where pinning is weaker). A
number of studies[49,53] have explored the field-dependence of J. by rotating the

7The coherence length (&) was defined in section 3.3.6 is the length scale on which the pair density (or

equivalently the order parameter) changes. The coherence length in the c-direction (&) is comparable to

the distance of separation between two Cu-O planes.
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direction of the applied magnetic field and have confirmed that the highest J. is
observed when B is parallel to ab-plane, while it is lowest when B is parallel to the c-
axis.

There are a number of semi-analytical expressions for J.(B) that are available in
the literature. However, these require some empirical fitting parameters to explain

experimental measurements. One such expression[50, 51], is based on the potential
barrier (U),described in section 3.3.7,

N,U(B,0) T T 2
N=—L"""""Hag—-8] =— 30
1(BT)=—L 03{1 o ﬁ(Tc] } (3.3.9-1)

where Np is the density of pinning sites, and & and f are parameters close to unity.
This gives a power law dependence of J.(B),

J.(B)=< B~V or logJ.(B) < logB. (3.3.9-2)
However, the best fit in many cases is obtained by taking an exponential dependence,

Je = Jcoexp(-B/B(T)), (3.3.9-31a)
or equivalently, J.=JUBB) or log J_(B) = (1- B/By), (3.3.9-3b)

where B; = By/In(J,,). Fig. 3.3.9.1 shows the J_.(B) for both c-axis and a-axis

oriented films of EuBa;Cu307 epitaxial thin films[52], where an exponential
dependence seems reasonable. The value of By is usually in the range of 10 T for Blic
and decreases at higher temperatures. In spite of a decrease of about an order of
magnitude, the high-T. cuprates maintain a high enough critical current density up to
several Tesla magnetic fields. BioSrpCaCuzOx and BipSrpCaCuyOx have a higher
critical current density than YBCO in comparable high magnetic fields[53].

Fig. 3.3.9.2 shows the measurements of J. of a 500 nm YBCO films on
LaAlO; with Bllc and Blc up to a field of 1T at 77K. This film, purchased from
NEOCERA, is similar to those used in our inductive switch experiments (chapter 5).
The alignment of B with the plane of the film is not very accurate (+10°). The value of
Jc(0) in this film is nearly three times higher than the ones used in our experiments.
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Figure 3.3.9.1 Variation of critical current density as a function of magnetic field. The
closed and open symbols represent c-axis and a-axis oriented EuBapCu307 films. Both are taken at the

same reduced temperature (T/T¢=0.9). The inset shows the resistive transition.[52]
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Figure 3.3.9.2 Jc(B) of YBapCu307.x films on LaAlO3 substrates measured at 77K. The

films are 500nm thick and a 20pLm microbridge was patterned photolithographically.
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3.4 Thermal Properties

For the optically triggered switches discussed in chapters 4, heat flow in the
films and substrate is an important issue. In this section, we shall review specific heat
and thermal conductivity of superconductors. The discussions will be confined only to
properties of high temperature superconductors, mainly YBCO, in accordance with the
scope of this work.

3.4.1 Specific Heat

Specific heat of high temperature superconductors can provide information
regarding electronic, magnetic and vibrational excitations leading to a better
understanding of the mechanism for superconductivity.

In the normal state, specific heat (at constant pressure), C(7T) includes several
contributing excitations[34]. Among these the main contributions are due to electrons

and phonons as shown in the equation below.

C(T) = C,(T)+ C,p(T) (34.1- 1)

where, C, is the electronic contribution and Cpy, is the phonon term.

The electronic contribution, C.i(T) is given by the linear term YT. The phonon

term, Cpi(T) is given by the Debye model[39] as,

3

1274 T

Conr) = ——-S—nNOkB[@—] J/mole-K (34.1-2)
D

where, n is the number of ions per molecular unit, Mg is the Avogadro's number, kp is

the Boltzmann constant and ®,, is the Debye temperature. This T3 behavior is valid for
T<< Q.

The phase transition of the superconductor from the superconducting state to the
normal state is associated with a discontinuity in specific heat due to the electronic
contribution. For type I superconductors the jump in the specific heat is given by[39],
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2
dH‘j (3.4.1-3)

AC= Cn = Cs == VT, [ dT

T=T

c

For type II superconductors, using the results from G-L theory it can established that

2
AC=C,-C, =—ro%%- (3.4.1-4)

BCS theory predicts a second order transition to the superconducting state with a

specific heat discontinuity at =7, given by Ac =1.43, where 7 is the coefficient of

c

the electronic contribution. Values for AC/yT_ close to 1.43 has been observed in a

number of type I superconductors.

For YBCO, a similar discontinuity has been observed with AC/T, =355
mJ/mole-K2, or Yees =AC/1.43T, = 38 mJ/mole-K2.[56] From magnetic

susceptibility measurements ¥ has been estimated to be 35 mJ/mole-K2. This is
remarkably consistent with the ¥, obtained from the specific heat discontinuity. Fig.

3.4.1.1 shows C/T as a function of T2 for YBa2Cu307-y with y = 0.0 and 1.0. The
C = AT+ 9T + BT’ fit is also shown. The reported measurements of C(T) show

considerable variation. Fig. 3.4.1.2 shows C vs. T obtained by various groups[57].
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Figure 3.4.1.1 CIT vs. T2 for YBa2Cu307.y with y=0.0 and 1.0 The solid curve is a

C=AT?+9T+fT’ fit with A = 35 mlJ-K/mole, ¥=12.9mJ/mole —K?, and
B =0.23mJ / mole — K*[57]
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Figure 3.4.1.2 C vs. T of YBCO films obtained by various groups.[57]

3.4.2 Thermal Conductivity and Boundary Resistance

In order to understand bolometric effects arising from laser illumination of
YBCO thin films it is essential to develop an understanding of heat conduction in films
and out of the film. Since our experiments deal with "optically thick" films (films of
thickness greater than the optical penetration depth), the incident laser energy is
deposited in the top surface of the film and gradually propagates heating up the entire
film. In most cases, the laser energy is in the form of short (~100 ps) pulses with low
repetition rates (< 1 kHz). The film, deposited on a suitable substrate, is mounted on a
cold finger equipped with a temperature controller. We, therefore, need to study heat
propagation from the top surface of the film to the cold finger through the YBCO film,
the film-substrate boundary and the substrate. In the next chapter, the model of heat
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propagation developed to characterize our photoresistive switch will be discussed in
detail.

YBCO is a highly anisotropic material. Since all our films were c-axis oriented
we shall assume, hereafter, that the perpendicular component of thermal conductivity
(K L) represents conduction along the c-axis and the parallel (to the film surface)
component (X, ) represents conduction in the a-b plane. Cohn et al has carried out a
study of the K component on single crystal[58] and liquid phase processed (LPP)
samples of YBaCu307.5 (8<0.16). For single crystals K values of 8-11 W/m-K at
300 K is typical[50]. The in-plane thermal conductivity, K|, can be written as a sum of

lattice conductivity K; and an electronic contribution K,
Ky=K,+K, . (3.4.1-5)

The contribution of electrons (or carriers) to heat conduction can be calculated using
Wiedemann-Franz-Lorenz (WFL) law[60],

K, = LyoT, (3.4.1-6)

where Ly is the Lorenz number (2.45 x 10-8 WQ/K2), o is the electrical conductivity,

T is the temperature in Kelvin.

The lattice conductivity, K, is due to scattering of phonons by other phonons,
carriers or defects. Both contributions are significant and comparable to each other in
magnitude. A more recent study by Marshall et al.[61] on c-axis oriented film
concluded an in-plane conductivity of 2.3 W/m-K at room temperature, which is lower
than single crystal value. Another study by Shaw-Klein et al[62] on c-axis oriented
films of thickness ranging from 0.25-1 um derived K| values in the range of 2.8-4.5

W/m-K also at room temperature.

Values of K, on the other hand, are considerably lower than K. Using the
thermal comparator method, Shaw-Klein et al, have calculated K| values of 0.26
W/m-K at room temperature[62]. Hagen et al, have reported values of 1-2 W/m-K for
single crystals at room temperature[59].
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Thermal diffusivity, D, is defined as the ratio of thermal conductivity and
specific heat per unit volume (pC).

D=K/pC. (3.4.1-7)

Diffusion of heat through a film of thickness d can be characterized by a diffusion time
(Tdiﬁ" = dZ/D) .

If we take a nominal value of C = 0.2 J/gK and density p = 6.39 g/cm3 and K=
1 W/m-K, D =2 x 103 cm?/s. For a film of thickness d = 0.8 pm, 7, = 818 ns.

Thermal boundary resistance (Rpg) is the excess thermal resistance above that of
the material on either side of the interface,

Rbd = » (341-8)

where, AT is the temperature difference across the interface, A is the area of the
interface, and Q is the power or rate of heat flow.

Rpg depends on the particular substrate and temperature. For YBCO on
substrates like MgQO, LaAlO3 and SrTiQ3, it is of the order of 10-3 ¢cm2K/W. It must
be noted that the calculation of Rpd depends on the width of the barrier. In Ref. 63 the
barrier width was taken to be IOA and an Rpg value of 104 cm2K/W is reported at
300K. An acoustic mismatch model, is often used to estimate Rpy and predicts a T-3
dependence. A study by Nahum et alf64] has shown that the actual value of Rp( is 10-
100 times larger than that predicted by the model. This may reflect a layer of disordered
material at the interface between the film and the substrate.
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3.5 Optical Properties

The triggering of our superconducting opening switches is performed by optical
pulses. The transition from the superconducting state to the normal state is
accomplished by illuminating the switch with short infrared laser pulses. In this section
we shall briefly discuss the reflectivity and absorption of superconductors.

Due to the presence of an energy gap (section 3.3.2) a superconductor does not
absorb electromagnetic radiation of energy smaller than the gap. It responds to sub-gap
ac fields according to the complex impedance due to normal and superconducting fluids
(section 3.3.2). However, visible and near-IR radiations have photon energies (of the
order of 1 eV) much larger than the gap, that is of the order of 10 meV for the material
of our switch, YBCO. Therefore the optical properties (reflection and absorption) are
virtually independent of temperature and the superconducting state. Room temperature
measurements of the optical properties are accurate even at low temperatures.

YBCO is black. Consequently it exhibits high absorption and low reflectivity in
visible to near-IR range of the optical spectrum. The high absorption is due to inter-
band transitions. The optical penetration depth in YBCO is about 120-140 nm for
A=500-1000 nm[65]. This is inferred from the reflectance and transmittance
measurements of YBCO on LaAlO3.Usually the optical property is described in terms
of a complex frequency-dependent conductivity, 6(®w) and dielectric function, & ).
These are usually computed from reflectivity measurements. In the case of high
temperature superconductors, the study of optical properties reveal information
regarding the band-structure of the materials. Although this is extremely important for
the investigation of the nature of superconductivity of the high temperature
superconductors, it is beyond the scope of our work. We are concerned only with the
absorption of optical energy in the switch material.
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Figure 3.5.1 Reflectance of YBCO. (a) Polarized IR reflectance of YBCO at normal incidence,
from (A) single crystal ab face, (B, D, E) perpendicular to ab face, (C) c-axis oriented films. R J_(w)

spectra were obtained by rotating by 90° the polarizer (D) and the film (E). (b) Reflectance of YBCO
single crystal, R and R N compared to that of thin films, R¢ and R, {broken curve : measured; solid

curve : calculated from ellipsometric measurements of complex dielectric function]. Inset :
transmittance of 200 nm YBCO thin films on SrTiO3 oriented with c-axis and a-axis perpendicular to

the substrate.[66]

Fig. 3.5.1 shows the anisotropy in reflectance and transmittance of YBCO thin
films and single crystals[66]. The wavelengths8 of light used in our experiment are
1064 nm (Nd: YAG) corresponding to photon energy of 1.17 eV. At these wavelengths
reflectivity is approximately 0.2. The films used in our experiments are 600-800 nm
thick, several times thicker than the optical penetration depth and are therefore called
optically thick. Almost all of the incident light is absorbed. A recent study[67] on
reflectance of YBapCu3Og4x with varying oxygen content (x=0.1-1.0) is shown in
Fig. 3.5.2.

8YBCO is a low carrier density conductor compared to metals. The plasma frequency (w@p) of YBCO is
1.67 X 1015 51, This corresponds to a wavelength of 1.13 um. For photons with shorter wavelength

the reflectivity is low.
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temperature c-axis reflectivity for x=0.7,0.8, and 1.0. The inset shows reflectivity up to an energy of 5

eV. (b) Room temperature reflectivity of at various x for polarization parallel to a-axis (solid) and b-

axis (dotted).The dashed-dotted line compares reflectivity of BSCCO.[67]

We made a crude reflectivity measurement of our films at 1064 nm at near

normal incidence and found the reflectivity to be approximately 0.1 which agrees well
with the above-mentioned results.
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3.6 Summary of material properties of YBCO

In this section we summarize the relevant material properties of YBCO. The

crystalline anisotropy shows up in the physical properties. It is clearly an extreme type
I superconductor (k = A/ >>1).

Table 3.6.1 Properties of YBCO

Properties Along c-axis In a-b plane

Density 6390 kg/m3
Critical temperature (T) 85-92 K
Normal state resistivity (pp) 100 pQ-cm
Penetration Depth (A) 150 nm 600 nm
Coherence Length (€) 0.4 nm 3 nm
Lower critical field (H,)) 0.05T 0.02T
Upper critical field (H») 36T 265T
Specific heat (c) 200 Jkg-1K-1
Thermal conductivity at 300 K 1-2 W/m-K 10 W/m-K
Optical absorption depth 120 nm
Reflectivity to polarized light 0.2

(Nd:YAG)




CHAPTER 4

SUPERCONDUCTING PHOTORESISTIVE OPENING
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4.1 Principle of Operation

An ideal opening switch offers zero resistance in the "closed" state, since the
switch has to conduct current in the branch of the circuit containing the switch, ideally
without any voliage drop. In the "open" state the switch has to interrupt the flow of
current in that branch of circuit. However, this can only be accomplished partially with
real switching devices. For example, a state-of-the-art semiconductor switch used for
energy extraction from a superconducting magnetic energy storage (SMES) dissipates
several kilowatts of power in its closed state due to its non-zero resistance. Thus,
superconductors, offering zero resistance, become a natural choice for opening

switches.

A transition of the superconductor from its superconducting state to its "normal"”
or resistive state can be accomplished in several ways. One way of achieving this is to
heat the superconductor above its transition temperature (7). The change can also be
realized by either exceeding the current density (J) or the critical magnetic field (H,).

We shall discuss the merits and demerits of these methods later in the section.

Metallic or type I superconductors are good conductors in the normal state and
hence do not provide a high resistance in the open state of the switch. High-T¢
superconductors, on the contrary, are ceramic materials and offer much higher normal
state resistance. Another advantage of using high-T; superconductors is that they
operate above liquid nitrogen temperature and require a comparatively less expensive
cryogenic system. Therefore, the development of high-T; superconductors, especially
in thin film form, has made the fabrication of superconducting opening switches
feasible. Critical current densities (J.) of 1 MA/cm?2 or more can be achieved with state-
of-the-art thin films of YBCO at liquid nitrogen temperature. This is the material that
has been chosen for our opening switch.

Let us now turn our attention back to the three possible methods of performing
the switching. Since H., for YBCO is very high (~30T), the magnetic field required to
induce a transition to the resistive stage is difficult to achieve, though for granular films
application of external field lowers J. and can drive the material normal. However,
granular films have low critical current densities and are not suitable for high current
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applications. Exceeding the critical current density (J), may be a possible way to drive
the material normal. Consider, for example, a superconducting shunt, across a load. It
is desired that for normal operation the switch will be closed and carry the current. No
current will flow through the load as long as the current through the superconducting
branch is less than the critical current (/;). If for some reason the source current
increases above T, the superconductor will be driven normal and some current will
flow through the load, determined by the ratio of resistances of the load and the switch
(in its resistive state). This operates as a fault current limiter! if we assume that the
sudden increase in the source current is due to a fault. The excess current in this case
gets diverted into the load resistor and dissipated. So effectively the switch opens and

protects the circuit from getting destroyed due to a surge of excess current.

The third and the most efficient method is by heating the film above T¢. The
main reasons why this method is more attractive than the other two are speed and
convenience. As we have discussed in section 3.5, YBCO films absorb infrared and
visible light very efficiently. Therefore, the switch can be heated very quickly (ns)
using fast laser pulses. The convenience in design lies in the fact that it does not require
an external current bias. Although current switching or switching by exceeding J¢
works naturally in some cases, it may require an external bias in some others.
Consider, for example energy extraction from a superconducting magnet. The
superconducting switch carries the persistent current of the magnet in the closed state.
Energy from the magnet is extracted by driving it normal and diverting the current to a
parallel load (say, a bank of capacitors). Now if we wish to perform current switching

we need to provide an external current source equipped with a suitable closing switch.

As the title of this thesis suggests, we have chosen to use the method of
photoinduced heating of the film. Our choice was also influenced by an interest in
studying the optical response of YBCO films. Most of the studies on optical response
were made with optically thin? films (<200 nm). However, for a switch with high
current carrying capacity thicker (~800 nm) films were used in our experiments.

Consequently, a study of bolometric and nonbolometric photoresponse for optically

lsee section 2.3.1 for a detailed discussion on fault current limiters.

2see section 3.6 for optical properties of YBCO
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thick films is of considerable importance. In the last section (4.5) our results are

discussed in the context of results obtained by other groups.

High current carrying capacity is one of the main advantages of
superconductors. Thin film YBCO samples used in our experiments have J.>1

MA/cm? at 77K. For a 1-cm wide, 1 um thick film this implies a current of 100 A.
However, to test the switching we patterned our switch to a 100-250 pm wide, 2 mm
long bridge from a film of thickness 800 nm. The details of the switch design are
described in the next section. This switch was illuminated with a train of laser pulses.
The current through the switch was applied using an external source, and voltage
across a 50 Q load connected in parallel to the switch was measured. When the switch
is in the superconducting state no voltage appears across the load. When a laser pulse
hits the switch a voltage is observed, indicating opening of the switch.
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4.2 Switch Design

YBCO films, deposited on polished MgO substrates using rf magnetron
sputtering[68, 69], were used to fabricate the photoresistive switches. The films were
800 nm thick. Each film was patterned into an H structure [Fig. 4.2.1]. The patterning
was done using the laser ablation technique[70]. A Nd:YAG laser (A=1.064 um) was
focused to a small spot (6-30 um in diameter) on the film mounted on a computer
controlled X-Y translational stage. The stage operated by stepper motors moves in 6.25
pm steps. The laser power was optimized using a A/4 wave-plate - polarizer
arrangement so that it was just enough to locally remove the superconducting material,
without causing oxygen depletion from the other regions. The central bridge region
which acts as the switch was typically 2 mm long and 100-250 pm wide. Silver

contacts were evaporated on the four corner pads of the structure.

1 50-Q
current source| coaxial

-
from laser
§s-
to <
osciloscope

Figure 4.2.1 The photoresistive switch. The film is patterned into a H-structure and the central

bridge is driven normal by laser illumination.

The film was mounted on a Copper sample holder consisting of a block on
which the film was attached, and a plate screwed onto the block and also on the cold
finger of a DE-204 two-stage cryocooler manufactured by APD cryogenics. The
cryocooler and the sample were enclosed by an optical access cryostat. The cryostat is

equipped with ports for connecting vacuum pumps, a thermocouple gauge for



72

measurement of the vacuum, a temperature controller and for an electrical feed-through.
The electrical input and output circuits were connected inside the cryostat using
stainless steel coaxial cables with SMA connectors on either end. The mating SMA
connectors on the sample holder were connected to the silver contact pads on the
sample by aluminum wire bonds.

The input circuit consists of a dc constant current source which drives up to
100-mA current through the switch. The output circuit consists of a 50-€2 termination
across which the voltage is measured. For dc R(T) measurement a digital voltmeter was
used for the measurement of voltage. The switching transients were measured by
analog and digital sampling oscilloscopes interfaced with a computer. The sample was
mounted inside the cryostat which was subsequently pumped down using a mechanical
pump and a cryo-adsorption pump. The sample was then cooled by an APD (model
HE-4) compressor driving the DE-204 cold stage. The lowest temperature achievable
using this closed-cycle He refrigerator is about 16 K without a radiation shield, and
about 10 K with a radiation shield. However, temperatures used for the experiment
ranged from 60-85 K3. The temperature control was obtained using PID control with a
25€Q/25W heater resistor attached to the sample holder. After a suitable initial
temperature was established the switch was illuminated by the laser. The circular laser
beam from a Nd:YAG laser was made elliptical using a cylindrical lens to conform to
the switch geometry. The laser had a pulse width of 170 ps?, repetition rate of 1 kHz
and a fluence varying from 0.5 - 14 mJ/cm?2 per pulse[71, 72]. The laser pulse energy
absorbed by the switch is estimated by measuring the beam profile> and using Eq.
A4.2.4-12 (Appendix 4). The experimental set-up is shown in Fig. 4.2.1.

3We were limited by laser energy when these experiments were conducted. Subsequently, a laser
amplifier (Appendix 4) was installed. For the new design (section 4.6) we have obtained switching at
20K.

41t was recently discovered that the streak camera used to measure the laser pulse width was
miscalibrated. The correct pulse width should be ~120 ps. However, this does not affect any of our
calculations significantly. '

5See Appendix 4 for details regarding the laser system and the laser beam profile.
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4.3 Experimental Results

The shape of the voltage pulse depends upon three parameters: the laser
fluence, the bias current and the initial sample temperature. Fig 4.3.1 shows a series of
voltage pulses observed for varying fluence. The initial temperature was 70K and bias
current was 30 mA. There are two distinct components of this photoresponse. A fast
component, occurring at the laser trigger, had a rise time of ~4 ns and fall time of ~ 6
ns. The slower éomponent with a rise time of ~ 50 ns was delayed with respect to the
laser trigger. This delay time is hereafter referred to as the thermal (or bolometric)
response time. As can be seen from Fig. 4.3.1 the two components overlap in time.
The time of overlap depends mainly on the initial temperature of the film. In the next
section, we shall describe a model of the switch simulating the thermal response. This
analysis proves that the slower component can be described quite accurately by the one
dimensional heat flow model and is, therefore, called the bolometric component. The
faster component may be nonbolometric, but its origin is not clearly understood at this
time, especially since the slow measuring system limits the signal bandwidth. A
possible explanation is given in section 4.5. The second sharp peak occurring around
250 ns in Fig. 4.3.1 is due to the reflection of the earlier fast peak from an impedance
mismatch at the current source. The reflections were delayed out of the time-window of
interest (i.e. the rising edge of the response) by using a long length of transmission
line. However, the falling edge does include a contribution from the reflection.

Figs. 4.3.2-4.3.9 show photoresponses for varying fluence obtained under a
variety of conditions. Fig. 4.3.2 shows the response for an initial temperature of 80 K
and a bias current of 30mA. Since this temperature is close to 7, (= 84 K) even a small
amount of laser energy drives the switch normal. For higher values of laser fluence the
bolometric response time is similar to the nonbolometric switching time(~4 ns). The
two signals overlap in time. At lower values of fluence the two components can be
distinguished more clearly from the difference in slope at the rising edge.
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Figure 4.3.1 Photoresponse for varying fluence at 70K with a 30 mA current bias shows two

switching components. The slower component is bolometric in origin. Reflection from the current

source appears ~250 ns.
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Figure 4.3.2 Photoresponse for varying fluence at 80K with a 30 mA current bias.



75

At 70K two sets of data at 100mA and 10mA shown in Figs. 4.3.3 and 4.3.4
respectively. The nonbolometric component is fixed in time (with respect to the laser
trigger) but the bolometric component gets increasingly delayed as laser fluence is
decreased. This is natural since the temperature of the entire superconductor needs to be
above T, for a voltage to appear across it if only the bolometric component is
considered. The effect is more pronounced at lower levels of current. For example,
Fig. 4.3.4, shows the two components entirely separated in time. For lower values of
laser fluence, however, there is no nonbolometric component (Fig. 4.3.3).

25T
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Figure 4.3.3 Photoresponse for varying fluence at 70K with a 100 mA current bias.
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Figure 4.3.4 Photoresponse for varying fluence at 70K with a 10 mA current bias.

If we cool the sample to a lower temperature, 65K (Fig. 4.3.5, Fig. 4.3.6) the
two components can be identified more clearly. We did not observe a signal at this
temperature (65K) for bias currents of 10mA or lower. We were also limited by laser
fluence at low temperatures.
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Figure 4.3.5 Photoresponse for varying fluence at 65K with a 100 mA current bias.
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Figure 4.3.6 Photoresponse for varying fluence at 65K with a 30 mA current bias.

Fig 4.3.7 shows the dependence of the photoresponse on the bias current. Fig.
4.3.7 shows the responses at 70K for a laser fluence of 10.5 mJ/cm? at three different
values of bias current. Since the voltage levels depend on the bias currents it is difficult
to compare the three responses, though it is obvious that the temporal overlap of the
two components is less at lower currents. The magnitudes of both the bolometric and
the nonbolometric components scale with the current. Also, the response time is longer

for lower values of current.

The dependence on initial ter;lperature can be seen in Figs. 4.3.8 and 4.3.9. In
Fig. 4.3.8 the curves correspond to 10.5 mJ/cm?2 and 100 mA current bias. For an
initial temperature of 60K the response is purely bolometric and delayed by about 50 ns
with respect to the laser trigger. At 65K a small nonbolometric component can be
observed. The falling edge of the fast component overlaps with the rising edge of the
slower component. At 70K the overlap of the two components increase. Fig 4.3.9 is
similar showing three responses at 70K, 75K, and 80K at a lower fluence (7.35
mJ/cm?) and a smaller bias current (10mA).
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Figure 4.3.7 Photoresponse depends on the bias current. (a) responses at 10 mA, 30 mA and 100

mA at a fluence of 10.5 mJ/cm?2 at 70K.
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Figure 4.3.8 Photoresponse at different initial temperatures (70K, 65K, and 60K) at a fixed current

bias (100 mA) and laser fluence (10.5 mJ/cmz).
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Figure 4.3.9 Photoresponse at different initial temperatures (70K, 75K, and 80K) at a fixed current
bias (10 mA) and laser fluence (7.35 mJ/cmz).
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4.4 Modeling and simulation of the bolometric component

We have simulated the thermal response of the laser-irradiated HTS thin-film
bridge. Although the thermal conductivity is higher in the lateral direction, along the a-b
planes (section 3.4), the smallest lateral dimension (100 pm) is more than 100 times the

thickness (800 nm) of the film. Since diffusion time scales with the square of distance,
heat diffusion takes place mainly along the thickness (x-direction). The heat diffusion is
calculated by numerically solving the heat-equation in one dimension,

9/ 9x{K(T)dT/ox} = p 3/ dt{c(T)T} (4.4-1)

where K is the thermal conductivity, p is the density and ¢(T) is the temperature

dependent specific heat.

The film and the substrate are divided into discrete layers. The film is divided
into n slices. The substrate is divided into n/8 slices. The temperature of each layer is

calculated as a function of time and is used to compute the bolometric photoresponse.

Thermal conductivity (K) of YBCO film is taken to be 1.1Wm 1K1, to provide
the best fit between theoretical and experimental response times. This value of thermal
conductivity lies within the range of reported measured values of thermal conductivity
of YBCO films [Section 3.3.2]. The thermal conductivity of crystalline MgO is given
by the approximate formula

K, =k +kT Wem 1K-1, (60K < T < 100 K)
where k; = 21.25, and k, =-0.1875.

in the temperature range of interest. Specific heat of MgO is calculated under the T3
approximation, with Debye temperature (6p) of 946 K.

¢y =127*R(T/6p) /5= aT> JK-1mol-1 (4.4-2)

6 typically n = 64, so that for 8000 A thick film, slices are 125 A thick.
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The specific heat (¢(T)) of YBCO was measured[73] and fit with a linear function
o(T)y=mT +b JK-1kg-1, (4.4-3)
where, m=2.83 and b=-39.7.

Since the laser pulse is much shorter (150 ps) than the photoresponse, we
assume instantaneous absorption of energy. We also assume uniform illumination of
the entire switch area. Light absorption falls off exponentially as a function of film
thickness. The fluence (F(x)) at a distance x below the surface of the fim, can be
expressed in terms of the optical pentration depth (1/¢x) as,

F(x) = Fy exp(~ox), (4.4-4)
where o = 8.33%10% m-! is used.
The energy density (E(x)) in the switch as a function of the film thickness is,
E(x)=—dF/dx = aF, exp(—ox) (4.4-5)

The temperature distribution along the thickness of the film is found by calculating the
temperature rise from the initial temperature (7T;), given by

T(x)

E(x)= [pe(T)dT, (4.4.5)
Ty
b b m 2
as T(x)= ——[1 - —{1 + 23 (mTg +2bT + 2E(x)/p)}:|; (4.4-6)
m m b

where p is the density of YBCO.

The first and second partial derivatives of T(x,t) with respect to x are calculated
by finite differences. The time-evolution of the temperature profile is then calculated
using Eq. (4.4-1),

AtKT”

film : Tt+A)=T+———
p(2mT +b)

(4.4-7)
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substrate : T(t+At)=T+ [{(k1 +k,T)T” +k, T }/4apMT3]At, (4.4-8)
where p,, is the density of MgO, T =T(¢), T’ = 9T(x,1)/Jt, and T” = aZT(x,t)/at2 )

A time-dependent temperature profile is shown in Fig. 4.4.1 assuming a
uniform illumination of the crossbar with the mean intensity of the Gaussian

distribution (13.86 mJ/cm?2) and an initial temperature of 70 K.
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After:

300

Temperature (K)

100

Distance (Lm)
71215

Figure 4.4.1 Time variation of the temperature distribution across the thickness of the film.

This temperature distribution is used to compute the critical current in each slice
based on the measured dc characteristics of the film. It is assumed that if at a given
instant of time there are slices with temperature below T they will carry supercurrent
unless the current density in the slice exceeds the estimated critical current density. The

electrical model is a parallel combination of temperature-dependent resistors, one for
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each slice. If the sum of the critical currents in the slices with T < T.(Isc) exceeds the
applied current (Ip) there is no voltage signal at the output. A slice with temperature
above T has a normal resistance that varies with temperature.

After a period of time, called the response time of the switch, Isc becomes less
than Ig and there is a non-zero equivalent resistance in the switch, resulting in a voltage
signal at the output. This happens because all the slices except for a few are above the
critical temperature. In this case the output signal is computed by an iterative
redistribution of the current between the superconducting and the normal slices. The
redistribution is done so that the voltage across all the slices is the same. However, due
to the high critical currents of our samples and the small currents we used (<100 mA)
this condition (Ip > Isc) was satisfied over a very short period of time. When all slices
have T>T. we have a set of normal resistors in parallel, with resistance varying
according to their respective temperatures. In this case, the output voltage can be
determined analytically.

Experimentally obtained resistance versus temperature data at different bias
currents have been used in this simulation to determine the normal resistance. A set of
simulated signals with varying fluence are shown in Fig. 4.4.2 (a). These correspond
to a initial temperature of 70K and a bias current of 30 mA. The response time of the
signal increased as the fluence decreased. The dependence of response time on
temperature and the bias current is shown in Fig. 4.4.2 (b). The response time

increases at lower temperatures and lower bias currents.

s
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Figure 4.4.2 Simulated signals showing the variation of the response time. (a) response time

increases with decreasing laser fluence, (b) response time increases for lower initial temperature and

lower bias current.

In the simulation, uniform illumination across the switch at the mean intensity

was assumed. Without this approximation, the simulation would have been extremely
complicated involving solution of 3-D flow in anisotropic YBCO and a spatially
varying resistance function. In the experiment, the central portion of the switch receives
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more energy than the peripheral part and is expected to go normal while the edges of the
switch are still superconducting. The time required for the temperature to exceed the
critical temperature will be less than that calculated with the uniform illumination
approximation at the center, and more at the edges. This can be conceived as a network
of normal and superconducting resistors. Resistors in each layer form a mesh. The
resistors representing the hot central part of the switch will offer normal resistance
while the peripheral ones will be superconducting. Each node in a layer is connected to
the corresponding nodes in the neighboring layers. This three dimensional network
contains time-varying, nonlinear resistors and the analysis becomes complicated.
However, a qualitative assessment of the effect of nonuniform illumination on the
signal can be made. The response time of the switch will be reduced (by about 10%),
since the central part goes normal before the "uniformly illuminated" film. It will also
increase the thermal rise time (by about 25%, including the reduction of the response
time) because the edge of the illuminated region goes normal after the central region of
the film.
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Figure 4.4.3 Thermal response time of the switch increases with decreasing fluence.
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The experimentally obtained response times are plotted against the laser fluence,
along with the response times calculated by our thermal simulation [Fig. 4.4.3]. The
theoretical curve in Fig. 4.4.3 is calculated using the peak rather than the mean intensity
of the Gaussian distribution. As mentioned above, the peak intensity at the center of the
film determines the time at which the sample starts to go normal and, therefore, the
response time. The calculated response time is a function of the thermal conductivity of

the sample.
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4.5 Discussion

The photoresponse of superconductors has been an active area in he recent
years. The research in many cases have been motivated by the prospect of developing
highly sensitive photodetectors over a very broad range of wavelengths. Both granular
and epitaxial films of low and high-T; materials have been studied. A sensitive optical
detector using superconducting BaPbg 7Bip,303 thin films reported by Enomoto and
Murakami[74] operating in the wavelength range of 1-8 um exhibited a sensitivity of
104 V/W. This encouraged a number of groups to study the photoresponse of high-T
thin films, since it also provides information regarding the underlying physical
processes governing the superconducting state of these new-found materials. The
research in this field encompasses a wide variety of superconducting materials and
device structures, operating regimes and photon energies. While most of the work in
the field of superconducting optoelectronics is focused towards photodetector[75-82]
and fast mixer[83-86] applications, an optically activated photoresistive opening switch
is another interesting application. Although the switch and the detector applications
require different regimes of operation in terms of temperature, current density, and
applied magnetic fields, the mechanisms involved are essentially the same.

The term bolometric photoresponse is reserved for a mechanism that involves a
change of resistance of the material through heating. This is also called the equilibrium
response because the superconducting material is assumed to remain in thermodynamic
equilibrium. The bolometric response, for low fluence, is proportional to the slope of
the resistance (R) vs. temperature (T) curve (dR/dT). When biased with a transport
current, the bolometer would develop a voltage that can be measured to detect the
incident radiation. A number of groups[87-89] have observed only this type of
response.

All other mechanisms are usually referred to as nonbolometric or
nonequilibrium effects. Nonbolometric responses have been observed by a number of
groups and have been attributed to different phenomena. There is a lot of controversy
regarding these nonequilibrium effects, especially because they often overlap and are
difficult to resolve given the experimental constraints.
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One such nonbolometric effect is the hot-electron effect[90-100]. As the name
suggests, this indeed involves heating and is not fundamentally different from the
bolometric mechanism. The incident photons break Cooper-pairs and impart their

energy to the quasiparticles’. The energetic (or “hot”) quasiparticles interact with other
quasiparticles and lattice phonons. The quasiparticle interaction time (7,_,) is of the
order of 100 fs, much shorter than the the electron-phonon relaxation time (7,_,). The

quasiparticles, therefore, reach an equilibrium distribution before they can react with the
lattice. This allows decoupling of the electron subsystem from the lattice. The system
can be thermally modeled as two subsystems, the quasiparticles and the lattice, with the
electronic (C) and lattice (Cpp) specific heats (section 3.4) respectively, connected by

a channel for heat conduction. The effective thermal conductance of the channel (K¢.pr)
is related to the electron-phonon relaxation time (7,_ ;) as

Ko pp=d°Cy[To_phs (4.5-1)

where d is the thickness of the film. Like the resistive bolometric response described
earlier, the resistance goes up due to electronic conduction and a voltage is observed
across the device carrying a transport current. However, 7,_,, is very short (~ps) and
the two systems equilibriate unless the hot electrons can be extracted from the film
before they can heat up the lattice. The dependence of the hot-electron response on
temperature is different from that of the bolometric response.

Following electron-phonon interactions the excited quasiparticles lose their
energy and recombine to form pairs through phonon emission. The system recovers as
the phonons escape (~100 ps) from the film through the substrate. This process of
recovery is often limited by the reflection of phonons back into the film due to an
acoustic mismatch at the film-substrate interface.

The other prevalent effect is due to the change of kinetic inductance of the
superconducting material[101-103]. The kinetic inductance is inversely proportional to
the pair density, ns (Eq. 3.3.3-13). Incident photons break pairs directly and indirectly
through either equilibrium or nonequilibrium heating of excited quasipaticles and/or

TThe terms electrons and quasiparticles have been interchangeably used to imply excitations.
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phonons. This causes a rapid decrease in the pair density causing the kinetic inductance
to rise sharply in time. The temporal change of kinetic inductance produces a voltage
response,

Vit = Ipias OLyn [ Ot (4.5-2)

There is a negative response during quasiparticle recombination as kinetic inductance
decreases. Since the recombination process is slower, the magnitude of this negative
response is much smaller.

All the above mechanisms, in spite of the nomenclature, are different
manifestations of time-varying heating effects integrated over the entire volume of the
superconductor. There is another mechanism, the photofluxonic effect[105-107], that
takes into account absorption of individual photons. A photon impinging on the
superconductor creates a local hot-spot and nucleates a fluxon-antifluxon pair. Under a
current bias, the fluxon and the antifluxon accelerate in opposite directions due to the
Lorentz force and produces a transverse voltage. This is a quantum detector analogous
to semiconductors where an electron-hole pair, created by an incident photon, produce
a photo-current under a voltage bias.

A number of groups studying granular films attribute the photoresponse to
photon-assisted phase-slips at inter-granular (Josephson) junctions[74,108]. The
granular films are viewed as an array of weak-links at grain boundaries. The junction
responds to photons of energy comparable to the energy gap (see discussion in section
3.5) but for visible or near-IR photons the granular structure is irrelevant.

The results of nonbolometric photoresponses of YBCO thin films observed by
a number of groups are summarized in Table 4.5.1. All these experiments were on high
quality c-axis oriented epitaxial YBCO thin films.

The nonequilibrium dynamics in the superconductor following a pulsed optical
excitation is complex due to the interaction between photons, pairs, quasiparticles,
phonons and vortices. The interactions and associated times are listed below.

1) Pair breaking by photons : Photons break pairs generating high and low energy
quasiparticles.
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2) Excitation of low energy quasiparticles by photons.

3) Pair breaking by guasiparticles :The high energy quasiparticles break pairs
generating more quasiparticles by resulting in an avalanche production
(cascading) of quasiparticles. This is referred to as electron-electron (e-¢)
scattering. The time scale (Te.) is of the order of 100 fs.

4) Pair breaking by e-ph scattering : After the initial phase of cascading, it becomes
energetically favourable for energetic quasiparticles (with energy greater than
2A) to thermalize through emission of optical phonons breaking additional

pairs. This is referred to as electron-phonon scattering and the associated time
constant (Te-ph) is also of the order 1-10 ps.

5) Pair breaking by phonons : The energetic phonons also contribute by dissociating
more pairs.

6) Phonon escape : Since the film is connected to a temperature bath through the
substrate, phonons escape the superconductor through the substrate. The
acoustic mismatch at the film-substrate interface causes reflection of phonons.

8) Quasiparticle recombination :  As the incident optical energy 1s shared by
quasiparticles, phonons and vortices and finally lost by phonon escape, the
energy spectrum of the quasiparticles approach the equilibrium spectrum. The
equilibrium is restored as quasiparticles recombine to form pairs. This process
is also mediated by emission of phonons. The quasiparticle dynamics is
governed by the Rothwarf-Taylor equations[109].



Table 4.5.1  Nature of nonbolometric photoresponse observed by different groups

Film Type of §peed (-)rigin Reference
thickness laser used
70 nm 0.63pm, 10 ps pulse 90 ps hot-electron Semenov[90]
150 nm 1.06um, 150 ps pulse | 1-10 ns hot-electron Frenkel[93]
20-200 nm 665 nm, 300-fs pulse 100 ps hot-electron Johnson[95]
70 nm 0.7-7 THz FIR pulses 120 ps hot-electron Nebosis[99]
30 nm 1.06um, 1.5 ps pulse 30 ps quasiparticle Ghis[100]
30 nm 620 nm, 300 pulse 1-10 ns | kinetic inductance Bluzer[101]
30-260 nm 532 nm, 100 ps pulse 500 ps | kinetic inductance Hegmann[103]
100 nm 790 nm, 150 fs pulse 1.5 ps kinetic inductance Hegmann[104]
40 nm pulsed YAG(1.06um) 1 ns photofluxonic effect | Culbertson[107]
90-200 nm laser diode (827 nm) vortex depinning Yotsuya[110]
250-600 nm chopped He-Ne (633nm) photoinduced Zeldov[111]
flux creep
800 nm 1.064tm, 170 ps pulse 10 ns 7 this work

As we have seen in the previous section there were two distinct switching
components in our experiment. While the slower response can be adequately explained
using a thermal model, the origin of the faster component can not be understood
clearly. The fast recovery (5-6 ns) of the faster component, followed by the secondary
thermal rise, suggests that it is not associated with the energy redistribution in the film.
Although a nonbolometric signal has been observed by many groups, to our
knowledge, we are the only one to observe it in optically thick films. Johnson has even
claimed that nonbolometric photoresponse can not be observed in optically thick
films[95], which we believe is wrong.

The quasiparticle recombination time observed experimentally (Texp) is greater
than the intrinsic recombination time () due to phonon trapping. The smallest value of
7r will occur if the phonon escapes without getting reflected from the film-substrate
interface, and corresponds to the ratio of thickness to the velocity of sound. In our case
this is approximately 100 ps. This is still rather small compared to the 10 ns time scale
observed by us. However the quasiparticle relaxation is expected to be slower due to
phonon trapping as we have mentioned earlier.
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We derived an expression for kinetic inductance of a bridge in section 3.3. We

rewrite Eq. 3.3.3-13 in terms of the plasma frequency,
2 «2
Ly, = (¢/wd)uod® = (¢/ Wd)(l/ EoW) ) (4.5-3)

The electronic plasma frequency (wp) is related to the superelectron plasma frequency
(w,) as

2 12 n

W, =0, —
p p
2ng

-0 - 4.5-4

, f:r. (4.5-4)
The factor of 2 in the expression of fractional pair density (fs = 2ng/n) takes into
account the fact that electrons are paired in the superconducting state. Substituting
equation 4.5-4 in equation 4.5-3 gives us the following expression for the kinetic
inductance:

_e 11
wd £,0), f,

(4.5-5)

kin

For a given bias current (/), the voltage (V) due to a change in kinetic inductance can be
calculated using equation 4.5-5 as

popBhe L€ 1 (1 1 4.5-6)
At Arwd g, \ T f

s 5

In our case, £ =2 mm, w =100 um, d = 800 nm, [=100 mA and At = 170 ps (the laser
pulse width). ®p has been measured to be 1.67 x 1015 s‘1[103]. If we assume that the
fractional pair density is 1 initially and decreases to 0.5 during this time, from equation
4.5-6, V=596 uV. If we assume that fsﬁ""l is 0.9 instead, V = 66uV. Alternatively,

we can use equation 3.3.3-13 and use change in penetration depth to calculate this
voltage. The functional temperature dependence of penetration depth A is given by,

A(T) =2, / y1-(7/1.)* (4.5-7)

where Ag is the zero temperature penetration depth. Taking T = 70 K, T, = 84 K and
Ao= 200 nm, we get A(T=70) = 278 nm. The voltage can be expressed as,
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(Ahin I £ 52

Viin = A
in=ITA T AT wd O

(4.5-8)
Using the same values of ¢, w, d, I, and At we obtain Vi;, = 739 uV. These value are
three orders of magnitude smaller than the fast component we have observed. As we
have discussed earlier in this section heat propagation in the films take several tens of
nanoseconds before the whole film is normal. Therefore, the assumption made in the
calculation of the kinetic inductance effect for heating of the film in the time interval of
170 ps is not correct. The above calculation implies that the bolometric kinetic
inductance effect would not account for the fast component observed by us.

However, the observed voltage might arise from an inductive change due to
current redistribution in the H-structure of the switch. The current in the switch
structure flows through the bridge and also at the top electrodes [Fig. 4.5.1(a)]. The
current can be equivalently expressed as the sum of current loops S at the electrodes
and a component directly through the bridge [Fig. 4.5.1(b)]. When the laser irradiates
the bridge and the surrounding parts [Fig. 4.2.1 and Fig. 4.5.1(c)], the current
redistributes itself taking the path of least resistance, as shown in Fig. 4.5.1(c). This
redistribution allows flux to move in, causing the inductance to change, and gives rise
to a voltage between the top electrodes. The magnitude of the fast response is about 1 V

for a current of 100 mA [Fig. 4.3.3] and the rise time is approximately 4 ns. The
equivalent change in inductance (AL) is given by,

s V=I£, (4.5-9)
At
which gives a value of 2.5 nH. From Fig. 5.1.1(c), the effective change of the
inductance is of the order of the inductance of the loop (S) at the top electrodes. The
loop S is approximately a square with sides, a = 2mm. The inductance therefore is of
the order of ppa, or 2.4 nH. This seems to agree well with the inductance required for
the observed response. As for the response time, it would be of the order of L/R, that
corresponds to a resistance, R ~ 0.6Q, for the flux to cross. This also seems quite
reasonable. It would be possible to test this hypothesis by screening the contact region
from the laser light, but this was not pursued. The apparent absence of a delay time in
the data seems somewhat perplexing, but it is possible that the initial heating reduces
the critical current enough for flux flow to occur.
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Figure 4.5.1 Current redistribution in electrodes. (a) Before optical illumination some current

flows through the top electrodes. (b) The current distribution in (a) can be decomposed into loops (S) at
the top electrodes and a branch through the bridge. (c) When the bridge and the adjacent parts of the H-
structure become resistive, the current in the structure will redistribute. The current in the loops decay

allowing flux entry.
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4.6 Scaling the photoresistive switch up to higher current

In the experiments described in section 4.2, we illuminated a small bridge to
verify the photoresistive effect. To scale up to higher currents we need a switch of
larger area. The installation of a flashlamp pumped Nd:YAG amplifier (Appendix 4,
section A4.2.3) enabled us to irradiate a larger region with better uniformity. A new
design was developed as a part of a summer high school research project[112].

The new design is shown in Fig. 4.6.1. The switch is made with a 500-nm
thick 1 cm? YBCO film on LaAlO3. Two silver contact pads (3 mm X 1 cm) were
evaporated and annealed, leaving a 4 mm long, 1 cm wide exposed region at the center
to act as the switch. Two 1-in diameter cylindrical copper pieces served as the sample
holder. The top surfaces of these two pieces are machined flat. The film is placed
between the sample holders with the contact pads resting on the flattened surface. A
copper clamp is used to make pressed contact between the pads and the copper sample
holder. Thin indium foils are inserted between the copper surface and the silver pad for
better contact.

The sample holders have a central hole. Two 0.25-in hollow copper tubes are
welded to each sample holder. These serve as current leads as well as liquid cryogen
feedthroughs. A plastic spacer between the copper plates provide a continous cryogen
flow-path while electrically isolating the two plates. Three nichrome rods are inserted
symmetrically and serve as low resistance shunts across the switch.

The sample is placed in a vacuum chamber with optical access. A 100 A current
source is connected to the copper current leads. The voltage is also measured across the
lead with a digitizing oscilloscope. Either liquid helium or nitrogen is used to cool the
switch. For this arrangement, the laser shines through the substrate,

When the switch is in its superconducting state, the current flows through it
from one copper plate to the other. When the laser pulse triggers a transition to the
normal state the current is diverted to the shunt resistors, and a voltage is observed.
Since we wanted to maximize the current capacity for the given film size we were
forced to choose a low resistance geometry. We needed low resistance shunts to protect
the switch. These films had a sheet resistance of 6 €2/sq at room temperature, and
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therefore a normal state resistance of about 2.4 € at room temperature, and about 1 Q
just above the transition. Each nichrome rod (0.4 cm long) has a resistance of 1.8 mQ
(at 77K) giving a combined resistance of 0.4 m£2. The total contact resistance was

measured to be 0.8 m€2, giving 0.4 m£2 for each Ag contact pad.

Silver
contacts

switch |

laser
copper

copper /

current lead sample holder spacers
& R
flow tube low resistance

shunt

Figure 4.6.1 New design of high current switch.

We tested the switch to currents up to 40 A at 80 K and 80 A at 20 K. These
correspond to a current density of 0.8 MA/cm?2 and 1.6 MA/cm?2 respectively. The
resistive response has a slow exponential tail with a time constant of 200-300 ns and
has an overlapping inductive response (10-20 ns) from current redistribution to the
Nichrome rods. The preliminary results are encouraging, but several issues involving

optimizing the shunt resistance and electromagnetic screening will have to be resolved.
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4.7 Disadvantages of the photoresistive switch design :
Motivation for a contactless switch

The main problem with the photoresistive switch is the electrical contact
between the superconductor and the rest of the circuit. The main advantage of a
superconducting opening switch (chapter 2) is the zero closed state resistance.
However, the contact resistance between the film and the contact pads is in series with
the switch. If the contact resistance is large, not only does it produce a non-zero
resistance, but also generates a lot of heat because of the large currents that the switch is
required to carry. This is a serious drawback since obtaining large area, low resistance
metallic contacts to YBCO is difficult. Even with a contact resistance of 1 m£2, for a
100 A switch the joule heating is 10 W.

The contact problem poses a fundamental limitation on high current switching,
and prevents us from exploiting the large critical current of the superconductor.
Anticipating such problems, we decided to explore the possibility of a contactless
switch. The inductive switch, described in chapter 5, solves this problem.

Although for our low current (< 100 mA) experiments the contact resistance
was not large enough to cause the switch to fail, the aluminum wire bonds used to
connect the pads failed frequently. The wire bonds are also mechanically unstable and
made sample mounting a tedious process. These problems could also be eliminated by
designing a contactless switch. Howgver, with the new high current design (section
4.6) the problem with wire bonds does not arise. Finally, the contactless switch does
not require patterning of the film.
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CHAPTER 5

SUPERCONDUCTING INDUCTIVELY COUPLED SWITCH
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5.1 Principle of Operation

While both the photoresistive switch and the inductively coupled switch
perform the action of an opening switch, the principles of their operation are entirely
different. The photoresistive switch is a current diverter. It diverts previously shunted
current into the load during its resistive (“open”) state. On the other hand, the
contactless inductively coupled switch acts a flux diverter. It diverts previously
screened magnetic flux in the load circuit.

primary
coil \\L —
™ T
I
[source| \ [source
[

magnetic T
field switch

foad o

secondary/ i
coil \
-~
superconducting resistive
state state

Figure 5.1.1 Operation of the inductively-coupled switch. In the superconducting state the switch
screens the primary and the secondary coil. The magnetic field produced in the primary coil by the

source current gets coupled into the secondary when the switch goes to a resistive state.

In its simplest form, the switch consists of a superconducting material placed
between the primary and the secondary coils of a transformer (Fig. 5.1.1). A current
source drives current in the primary coil, producing a magnetic field. While the switch
is superconducting, it screens the magnetic flux and there is no flux-coupling between
the two coils. If a load is connected across the secondary coil, the voltage across the
load would be zero. Under illumination by a laser pulse, the film makes a transition to
the resistive state and the screening currents decay, allowing magnetic flux produced by

the primary current to couple into the secondary. The temporal change of flux coupling
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(d) through the secondary coil results in an induced voltage (V = —0d®/dt) pulse
across the load. Since the superconducting material acts as a flux screen, a high
temperature cuprate material (like YBCO) with a high upper critical field (H) is ideally
suited for the inductive switch.

There are three components of the switching system : (i) the source (the primary
coil in our discussion), (ii) the switch (the superconducting film) and (iii) the load
circuit (the secondary coil and load). In an application such as energy extraction from a
superconducting magnetic energy storage system (SMES), the source will be a
superconducting magnet. The switch will be a superconducting flux screen of
appropriate size, and the load circuit will consist of a coil connected to a load (typically
resistive or capacitive).

The different components are not in physical contact and can be at different
temperatures. For the example above, the source or the magnet may be operated at
liquid helium temperature (4K) while the superconducting film may be at liquid

nitrogen temperature (77K) and the load circuit at room temperature.

A major advantage of this configuration is the absence of any electrical contacts
to the film. In contrast to the photoresistive switch (chapter 4), the inductive switch
does not require any electrical contacts to the film. A major limitation regarding high
current operation of such a photoresistive switch is imposed by the metallic contacts to
the superconducting bridge. This limitation prevents us from utilizing the full current
carrying capacity of the superconductor.

Fast heating of the film is necessary to perform the switching, and this is
accomplished by irradiating the film with laser pulses. The scheme used for this design
is essentially the same as the photoresistive switch. Optical triggering also provides
accurate timing.!

We have seen in section 3.3 how superconductors expel and exclude magnetic
flux. In type II superconductors such as YBCO, there exists a lower critical field (H,;)

YThe accurate timing control using the laser triggering can be used for synchronization of multiple

switches. Please see discussion in section 5.5.
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and an upper critical field (H.2). When the applied field, Hypp, is smaller than the lower
critical field, H,;, the superconductor is in the Meissner state and the flux is initially
excluded completely2. The flux penetrates the film following laser irradiation and is
expelled again as the film regains its superconducting state. The operation in this

situation is reversible and the switching can be repetitive.

> > Complete flux exclusion

v T<T,

‘Laser heating

> ——
> > Flux penetration
> -
>~ ——

‘ Thermal recovery

> >— Complete flux expulsion

M T<T,

Figure 5.1.2 Flux exclusion and expulsion in the reversible (Meissner) regime for H app < H_,

2However see the discussion on demagnetization effects in section 3.3.5.
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—J\+ Partial flux exclusion

—p- (Critical State)
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— > Flux penetration
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—P- > T< Tc
> >
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T<T,
Laser
heating
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[I Expulsion of trapped flux

H., <H,, < H_.,the initially excluded flux is trapped

Figure 5.1.3 Inthe irreversible regime, app =

once it penetrates the film.
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However, for H; < H,,,

< H_,, there 1s partial flux exclusion due to pinning
(section 3.3.7). This is the critical state. When the flux penetrates the superconductor
following a laser trigger, it reaches a stable configuration and subsequent cooling of
the film in a magnetic field will not expel the flux. This will prevent the switch from
operating repetitively. However, for certain applications a single-shot operation may be
sufficient, and in that case an HTS switch can be operated in fields close to the effective
screening field determined by the critical current density of the film. To reset the switch
the trapped flux is expelled by turning off the external field and heating the film above
T. (e.g., by another laser pulse). Figures 5.1.2 and 5.1.3 show the operations in the

Meissner state and the critical state respectively.

In the preliminary experiments done at low fields (<H¢1) the switch operation

was indeed repetitive. Using a superconducting magnet to generate fields higher than
Hc1 we have found that the switch only operates in the single shot mode as expected.

We have found no evidence that the superconducting film degrades with
repeated operation. The switches in our experiments have been triggered by 150-ps
pulses from a Nd:YAG laser at repetition rates up to 1 kHz. In principle, high repetition
rates are limited by the thermal recovery time of the switch3. However the time for the
heat to escape (through the substrate) is of the order of lus. In our experiments the

repetition rate was limited by that of the laser amplifier4.

3Since the load voltage of the inductively coupled switch is the derivative of flux coupling, the width
of the voltage pulse is much shorter than the thermal recovery time.

4In cases where a flash-lamp pumped laser amplifier is used to further amplify the output of the
regenerative amplifier, the maximum repetition rate is only 4Hz. The regenerative ampliﬁer itself can

be operated up to a few kHz repetition rates.
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5.2 Experimental Results in low magnetic field

In the preliminary experiments described in this section we have confirmed the
inductively coupled switching. Thin YBCO films (thicknesses varying from 500 to 800
nm) were deposited on heated MgO substrates (1 cm x 1 cm) by rf magnetron
sputtering. The films have T¢ > 85 K and J¢ > IMA/cm?2 at 77K. We have used
identical copper coils as the primary and secondary coils of the configuration described
in the previous section [Fig. 5.2.1]. To enhance mutual inductance the flat, washer-
shaped coil geometry was used. Typically a 100-turns coil had an inside diameter of 3
mm, an outside diameter of 6 mm and an inductance of 50 uH.

Oscilloscope

Pulsed
current
source

L

50-Q load
resistor —

Laser pulse
1064 nm, 170 ps

Optical window

YBCO thin film Vacuum cryostat

2,

Figure 5.2.1 Experimental set-up for the inductive switch.

The switch was placed inside an optical access cryostat (the same as the one
used for photoresistive switch, section 4.1.2). It was irradiated with light from a mode-
locked Nd:YAG laser (1.064 pm). The sample holder consists of a copper block with a
circular hole of 8mm, a thinner, matching copper plate [Fig. 5.2.2] with a similar hole,
a copper plate connecting the assembly to the cold finger and another copper plate
connected to the block hosting the heater resistor. The thermometer (Si diode) is
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mounted on the block. Holes on either side of the sample (consisting of the film and the

coils) provided optical access from either side.

We experimented with various coil geometries. First, a solenoid wound around
thin glass tubes was tried. The mutual inductance between the two coils falls off rapidly
with increasing distance. The mutual inductance coefficient (x = M2/L, L,) in this
configuration was low (x =0.01-0.02). Moreover, it was difficult to maintain the
alignment of the two coils strictly vertical to the plane of the film, which is necessary
for laser illumination.

To improve the mutual inductance we decided to use flat washer shaped coils
(pancake coils[113]) [Fig. 5.2.2] made from 40G and 46G insulated copper wire
coated with rubber cement. To prevent the films from getting scratched by the coil a
thin (12pum) sheet of Teflon™ was used between the film and the coil and the whole
assembly was clamped tightly together. The mutual inductance coefficient in some
cases were as high as 0.4, though typically it was around 0.2. The mutual inductance
was first measured using an LCR meter at room temperature. The coils were then
placed inside the cryostat separated by a substrate (without a superconducting film) and
cooled down. The mutual inductance was then measured by applying a sinusoidal
voltage of frequency up to 1 MHz across one of the coils while measuring the voltage
across the other one.

Flux screening was tested using a sinusoidal current in the primary. As the film
was cooled through the superconducting transition temperature (T,) the flux coupling
between the coils reduced by more than 95 % of the coupling above T within 1-2K
below the onset of transition.
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Figure 5.2.2 The inductive switch configuration showing the use of pancake coils as the primary

and secondary coils and the sample holder.

The switching was tested using 5-Us current pulses at low duty cycle, instead of
dc, to avoid joule heating in the primary coil. The current pulse was synchronized with
the laser pulse such that each laser pulse arrives at the center of a current pulse. The
primary current pulse is long enough so that the optical effects take place during a time
when the primary coil produces a constant (dc) flux. The current pulse also produces a
positive and a negative voltage pulse across the secondary load corresponding to its
leading and trailing edges. Above T, these voltage pulses indicate the amount of flux
coupling to the secondary coil and can be used to compare with the optical response. As
the film was cooled below T, and irradiated with laser pulses a voltage pulse was
observed at the load. The amplitude of this voltage pulse varied with laser fluence (Fig.
5.2.3). The voltage pulse occurring at the laser trigger shows a transition of the film
from the superconducting to the normal state by optical heating, allowing the flux
produced by the primary coil to couple to the secondary coil.
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Figure 5.2.3 Photoinduced switching observed in the inductively coupled switch of Fig.5.2.1
showing induced voltage in the secondary coil for varying fluence at 76 K. The laser trigger occurs at t
=0.
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Figure 5.2.4 Peak of the photoinduced secondary voltage as a function of laser fluence. Saturation
above 12 ml/cm? indicates complete transition of the film to the normal state under optical

illumination. The line is a guide to the eye.
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5.3 Experimental Results in high magnetic field with a
multi-turn secondary coil

For the high field experiments the primary coil was a superconducting magnet
[Fig. 5.3.2.1]. The magnet used in our experiment is a Nb-Ti solenoid cooled by liquid
helium. The magnet is rated at 100A and a maximum field of 4T.

5.3.1 The magnet system

The magnet (American Magnetics Inc., 1976) is housed in a liquid helium
dewar (Janis Research Systems). The magnet dewar consists of a liquid helium
chamber surrounded by two shields enclosed in vacuum. The space between the two
shields is filled by super-insulation. The inner and outer shields are connected to the
second and first stages of a two stage expander (APD Cryogenics: Model DE202)
respectively. The expander is driven by the Model HE-4 compressor. The typical
temperatures attained using the compressor alone are 100 K on the outer shield and 50
K on the inner shield. The magnet has a horizontal warm bore of length 22 inches and
diameter 4.75 inches. We designed (Appendix 5) a liquid nitrogen/helium flow optical
access cryostat to fit inside the warm bore of the magnet.

The magnet is charged using 100 A He-vapor cooled current leads. The
charging and discharging of the magnet is controlled by a current source programmer
(American Magnetics, Model 411). The current source used to charge the magnet is
rated at 100 A and 10 V(Sorensen: Model SRL10-100). The magnet inductance is of

the order of 10 H. The current ramp rate while charging (% = % ) is therefore limited>

to 1 A/s. The minimum ramp rate available with the programmer is 0.01 A/s. An energy
absorber (American Magnetics Inc. : Model 600) is placed in series with the charging
circuit so that in the unlikely event of a quench the energy will be dumped into this

series resistor.

5The 0.1A/s setting should be chosen on the current source programmer. The ramp rate can be varied

by adjusting the multiplier dial.
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Figure 5.3.1.1 The superconducting magnet system. The inner and outer shields are cooled

by the two cooling stages of a closed cycle helium refrigerator.

5.3.2 The flow cryostat and the sample holder

The flow cryostat can be used with both liquid nitrogen and helium. There are
optical windows (with anti-reflection coating) on either side. A double-walled liquid
feedthrough is designed to maintain vacuum in the cryostat. The liquid enters through
the inner tube and cools a copper end plate, that is also used as a sample holder. It
returns through the outer tube and vents outside.
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Figure 5.3.2.1 The high field experiments are performed with a superconducting magnet

acting as the primary coil. The switch is placed inside a cryostat cooled by liquid nitrogen/helium.

The sample holder consists of two circular copper disks (dia. 2 inches) with
square windows (lcm X lcm).The films, placed on either side of the secondary coil,
are supported by the copper disks. The YBCO films used in this experiment were® 500-
600 nm thick on LaAlO3 substrates. Platinum resistance thermometers were mounted
on one of the copper sample holders next to the film. These thermometers have less
than 0.01% error in fields up to 5 T and are preferred over silicon diodes used in the
earlier experiments. Fig. 5.3.2.1 shows a schematic drawing of the cryostat and the
magnet.

The copper secondary coil was wound around a circular alumina disk (thickness
2mm, diameter Smm) and impregnated with insulating dope to protect it from electrical
breakdown. The coil was then placed inside a custom-made circular hole in a 2mm

6Some these samples were laser-deposited YBCO/LaAlO3 films purchased from NEOCERA, a

commercial manufacturer of thin films.
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thick piece of Teflon™ and fixed in place using epoxy resin. The Teflon piece was
used to ensure a flat surface for the film to be supported against. This precaution is
necessary because of the magnetic force on the film when the magnet is charged. In our
sample configuration the magnetic field is axial and perpendicular to the surface of the
film. For this configuration the film is in unstable equilibrium and will not experience a
torque. If, however, the film alignment deviates from the vertical it will experience a
torque which will tend to rotate the film by 90 degrees [Fig. 5.3.2], a position of stable

equilibrium, and crack it. The torque can be estimated as follows,

Torque(T) = magnetic moment (m) x B

For B = 4T and a sample volume of 1 cm3, the torque can be estimated as 12.7 N-m.

Torque exerted
by the magnetic field

-

Unstable equilibrium
Position of stable equilibrium

(a) (b)
Figure 5.3.2.2 Torque on the film due to perpendicular magnetic field. (a) When the film
surface is perpendicular to the B-field the film is in unstable equilibrium and does not experience a
torque. (b) If the initial position of the film deviates from the vertical the film will have a tendency to

rotate.
5.3.3 The laser system and data acquisition

A Nd:YAG laser beam (A = 1064 nm) was used to illuminate the films from
either side through a splitter arrangement [Fig. 5.3.3.2]. The YAG oscillator produces
a train of 150-ps mode-locked pulses separated by 12-ns. This pulse train is injected
into the regenerative amplifier through an optical fiber. A single pulse is chosen for
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amplification by applying a suitable high-voltage on a Pockels cell’. The energy of the
pulse is amplified to 250pJ. Illumination of both films required an energy level ranging
from 5-20 mlJ. Therefore a double-pass flashlamp-pumped YAG amplifier was used to
boost the energy of the pulse. This allowed us to produce laser pulses of energy up to
30 mJ. A schematic diagram of the laser system is shown in Fig. 5.3.3.1. Further
information on the laser system is included in Appendix 4.

Mode-locker.

Nd:YAG Oscillator ~ optical
b
T a —>
Regenerative
Amplifier

N\ ; :

I \ I 1 y

1 I_ \ 1 ] A

Pockels cell )A/4
(cavity dump) wave
plate
Pockels cell
Pockels cell (injection)
(contrast enhancement) .
polarizer
sample el \
Ad-wave
/ plate
Flashlamp-pumped
YAG amplifier
w|T™
Figure 5.3.3.1 YAG laser system used to produce 150-ps laser pulses of energy up to 30

mJ. For a more detailed drawing of the amplifier systems see Fig. A4.1.1 in Appendix 4.

TThe electro-optic crystal rotates the polarization of the incoming light only during the time when the

high-voltage is on.
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The laser pulse width was measured by scanning a razor blade across the beam
and measuring its energy. The razor blade was mounted on a stepper motor controlled
stage that was synchronized with the data acquisition from the energy meter. The
automated measurement of the laser beam profile ensured that the entire film was heated
above T.. The spatial profile of the laser beam is Gaussian for the fundamental mode

used in our experiments.

photo- from laser
diode [+~ <4+
. beam profile
— ™| measurement
- 50-50 splitter

p
—

emperature

controller gaussmeter

Storage i
gated » | Oscilloscope | ! E
boxcar |
Figure 5.3.3.2 The experimental set-up for the high field experiments showing the laser

illumination scheme and the data acquisition system.

A stainless steel semi-rigid coaxial cable is used to conduct the secondary
voltage signal. The signal is acquired by a Tektronix SCD-5000 storage oscilloscope
and averaged using a gated box-car averager, both interfaced with a computer [Fig.
5.3.3.2]. The oscilloscope records 16 waveforms corresponding to 16 consecutive
laser shots. The computer data acquisition program also acquired the laser intensity of
each pulse from a photodiode. This is important since the laser intensity fluctuates and a
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measurement of average laser intensity does not provide information regarding the
particular laser pulse that initiates flux motion. This allowed us to correlate the detected
secondary voltage and laser intensity precisely.

The experiment was conducted as follows. The sample was first cooled by
liquid nitrogen or helium to the desired temperature. The magnet was then charged
using the current programmer at a ramp rate of 0.1 A/s. The persistent switch heater
current was 60 mA supplied by a constant current source. After the desired level of
current is established in the magnet the persistent switch heater is turned off allowing
persistent current to flow through the magnet. The magnetic field was measured using a
hall probe and a gaussmeter.

With the magnet charged the switch was illuminated by the laser. The YBCO
films screening the secondary coils were driven normal by this laser irradiation
allowing flux to penetrate. A secondary voltage (of negative sign, called the charge
signal) appeared across the load. The voltage was found to decrease exponentially with
subsequent shots [Fig 5.3.3.3]. The magnet was then discharged by heating up the
persistent switch. Since the field in these experiments were above H¢] some flux was
trapped in the YBCO films following the flux penetration. Driving the films normal
again expels this flux and we observed the corresponding secondary voltage signal (of
positive sign, called the discharge signal). As before this voltage decreased

exponentially with subsequent shots [Fig. 5.3.3.3]. In both cases the voltage as a
V(n+1) o 06
V(n) '

Charge and discharge signals were observed up to a magnet field of 3T at a temperature

function of shot number (n) was found to closely fit the relationship,

of 27K. At liquid nitrogen temperature, however, voltage signals were observed only
up to 0.4 T.
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Figure 5.3.3.3 The secondary voltage signal decreases exponentially with laser shots. The

shutter opens at shot number 6. So that should be taken as n=1.

A strange, anomalous signal has been observed when the switch operates while
the magnet is charged at a particular value of the field. We made as set of observations
of both the charge and the discharge signals for varying magnetic field. The charge
signal was always negative and the discharge signal positive with a singular exception
when both were of positive signs. An example of this is shown in Fig. 5.3.3.4. The
peak secondary voltages for consecutive laser shots are shown for three values of the
applied magnetic field. The charge signal at 0.06 T field had the reverse polarity and is
called the anomalous signal. We made a careful study of this phenomenon by changing
the sample, and with different sam};)lf: configurations (described in section 5.3.4).
Although the value of the field at which the anomaly occurred varied slightly it was
reproducibly observed.

Since the flux dynamics in the irreversible vortex state depends on the previous
value of the field in the film, the signal may have arisen from unexpelled trapped flux in
the film. This may be related to the presence of inverse domains [114] seen with
magneto-optical imaging. Pinned flux at the center produces flux of opposite polarity at
sample edges, which are strong enough to nucleate reverse votices and has been shown
to be energetically stable. When the next charge signal is measured these negative flux
may move out resulting in a voltage of opposite sign as has been observed.
Interestingly, this was never observed with a single-turn secondary coil (described in
section 5.4). Also, occurance of this phenomenon at only one value of applied field
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seems intriguing. Further investigation with muliple coils at different locations rather
that a single secondary coil is required to resolve this phenomenon.
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Figure. 5.3.3.4 Anomalous charge signal in the inductive switch. The switch temperature is
80 K.

5.3.4 Discussion of results

These preliminary results show that the observed signal was much less than the
expected response. The secondary voltage can be fitted to an exponential,

t

v(t)=-Vee T (5.3.4.1)

where Vj is the peak amplitude and 7 the decay time constant. The mean and the mean
square signals can be expressed as follows,

V,T I T 2
(v(t)) = - ,12 (1—e *) and <v2(t))=—(v(t))V0—2—T(v(t)) (5.3.4.2)
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Using typical numbers like (v(t)) =-1 V, T =50 ns and T = 450 ns for a field(B) of
0.02 T, energy (E) dissipated in a 50-Q resistor (R) is given by

T
E= E(v2(t)) =40.5 nJ. (5.3.4.3)

The corresponding stored energy, assuming an excluded volume?® [Fig. 5.3.4.1] of 1
cm? is given by

2

E,_, = (vol.)=15.9uJ. (5.3.4.4)
21,

. Excluded Volume Secondary coil }
‘ 4\
Magnetic
YBCO films field (B)
| } ‘hnj
Figure 5.3.4.1 Magnetic field lines bend around the superconducting films due to flux

screening. When the films are heated abovg their critical temperature field lines will move in. The

extracted energy corresponds to the "excluded volume" in the figure.

It is clear from the above calculations that the extracted energy is much smaller
than the stored energy. It was initially believed to have been caused by screening due to
a residual dark superconducting ring at the edge of the film. The edge of the film was
supported against the sample holder and was not illuminated as shown in Fig. 5.3.4.2.
Our initia] belief was a result of a simple calculation based on the critical state model
(section 3.3.5). To estimate the width of a superconducting ring (Ax), required to
screen out a field of 1T, we take H=104 A/cm and J¢ =100 A/em?2. Ax is given by

8A more detailed calculation of the excluded volume will be presented in chapter 6.
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Ax = H/J_.=100um. This implied that even after allowing for field intensification at

the edges (demagnetization due to the thin film geometry) the 1mm wide dark ring
would be wide enough to keep most of the field screened even when the rest of the film

was normal. As we shall see in the next chapter, this calculation was incorrect.

Dark superconducting ring

aser illuminated region

Figure 5.3.4.2 The dark region is not illuminated by laser and remains superconducting

while the central illuminated region goes normal.

Three experiments outlined below confirmed that the dark region was not
responsible for flux screening.

1) The film was supported along its edge in the previous design which prevented a
Imm wide region around the edge from receiving laser illumination. This can be
avoided by changing the support structure so that the film is only supported at the four
corners [Fig. 5.3.4.3]. The result was essentially the same as before. The flux motion

took place over several laser shots and the secondary voltage had the same magnitude.

Dark region

__Laser illuminated region

Figure 5.3.4.3 The film is supported only at the four corners. This modification will avoid

any screening currents after the laser illumination.
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2) The film was patterned so as to etch away the film from the region of support.
The result was again the same as before.

Dark region

patterned film

Figure 5.3.4.4 The film is patterned into a circle in the region of illumination. The entire

film is illuminated under this scheme.

3) In order to screen the applied magnetic field, we need a superconducting ring
wide enough to provide screening currents. If the assumption that a Imm wide dark
ring was responsible for flux exclusion was correct, we could use 1 mm wide ring
instead of the whole film to perform the switching. Moreover, under this configuration,
switching can be accomplished by heating only a small portion of the ring as shown in
Fig. 5.3.4.5. for this scheme the required laser energy will be about 100 times smaller
than before. The resultant secondary voltage pulse was smaller compared to the earlier
one by an order of magnitude and did occur over several shots as before.

These results provided important insights to the problem of flux exclusion
leading to a complete analysis for the thin film geometry described in chapter 6. The
slow flux entry, as evidenced by secondary voltage pulses of diminishing amplitude for
several laser shots, was also present in the ring sample (Fig.5.3.4.5). This implies that
in this case the time of flux entry is dominated by the large L/R time-constant of the
secondary coil rather than the flux diffusion time through the film.

The other conclusion from these experiments is that the even when the whole
film was used as a flux screen only a small fraction of the flux was excluded, while
field partially penetrated the film. In the next chapter we shall show that for complete
flux exclusion the required critical current density is at least an order of magnitude
higher for a film of comparable thickness. Also it is the critical current rather than
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current density that determines the flux exclusion. The simple one-dimensional analysis
used earlier to estimate the width of the superconducting ring required for flux
exclusion is only valid if the superconductor is a long cylinder (or a thick slab). On the
contrary, a two-dimensional analysis of the critical state is required to understand the
case of a thin film.

Dark region

Laser
spot size .
patterned film
Figure 5.3.4.5 The film is patterned as a ring so that only a portion of the ring needs to be

illuminated to allow flux entry.

The flux entry into the film took place over a few laser shots. Evidently, the
process of flux entry requires more time than the thermal recovery time of the film
following optical heating. The speed of flux motion in the irradiated film depends on
the self and mutual inductances, and resistances of the magnetically coupled system
consisting of the film and the secondary coil. Since the secondary voltage is the time
derivative of flux, faster flux motion yvould give a larger voltage pulse. The flux entry
would be faster if the self inductance of the secondary coil was smaller. Therefore the
multi-turn secondary coil was substituted with a single turn coil for our next
experiment.
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5.4 Experimental results in high magnetic field with single
turn secondary coil

The experiments with a single turn secondary coil were performed using the
same samples in the same experimental set up described in the earlier section. The
secondary coil was patterned on a copper coated printed circuit board (PCB). The 200-
pm wide coil had a radius of 3.5 or 4 mm. A coplanar strip line, also patterned on the
PCB, connected the coil to an SMA connector. The signal was conducted out of the
cryostat using a stainless steel coaxial cable. For this experiment, we used the same
superconducting magnet as the primary coil. The laser system and data acquisition were
the same as described in section 5.3.3.

As expected, reduction of the secondary inductance enabled fast flux motion.
Consequently, the secondary voltage pulse was much larger and narrower. A series of
experiments were done by varying magnetic field, sample temperature and laser
fluence.

In contrast to the previous measurements with multi-turn secondary, only one
voltage pulse was observed in most of the experiments. This indicates that excluded
flux moved in and reached a stable configuration during the first laser shot. This is also
a direct consequence of the enhanced speed of flux motion. In a few cases a second
pulse was observed, and these cases correlated well with the occasional low intensity
laser shot. Due to inherent instabilities in the system, occasionally the laser energy falls
drastically for one particular shot. When such “misses” occur the laser energy may be
enough to depress the screening currents and initiate flux entry, but does not heat the
film for a sufficiently long time to allow complete flux motion. In those cases two or

more pulses were observed.

In Figure 5.4.1 we show the best result achieved so far. The largest secondary
voltage was observed at the lowest temperaturé (12 K) attained in our cryostat. The
external field was 0.2 T. The rise time of the pulse was 2.5 ns.
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Figure 5.4.1 Secondary voltage pulse taken at T=12K, and an applied magnetic field of 0.2 T. The
rise time of the pulse is 2.5 ns. We believe that this includes a thermal delay for the optically thick

film.

Variation of laser energy can lead to two different results depending on the
magnitude. If the laser energy is too small, there is no signal. If the laser energy is large
enough to initiate flux motion (missed shot), multiple voltage pulses are observed.
However in most cases (as seen in Fig. 5.4.2) reduction of laser energy only results in
an increased delay in flux motion. This shows up as progressively broader and shorter
voltage pulses for decreasing laser energy.

Interestingly, the flux (® = JV(t)dt) associated with these secondary voltage

pulses is the same in all cases®. This implies that all the excluded flux is moving in even
for the smaller laser energies, that are sufficient for heating the film long enough. The
smaller the laser energy the slower is the heating of the entire film. Thus for smaller
laser energies, initially only the top section of the optically thick film is heated above T
while a superconducting section at the bottom of the film still maintains some screening

9Except for the one for 1.27 mJ energy. Due to a limited time window for data acquisition this pulse
was not entirely captured. Therefore the time integration was incomplete. Extrapolation gives the value

of the flux very close to the others.
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currents. This retards the flux motion. The heat eventually propagates down and the

entire volume of the film becomes normal.

2.5 T |Tl LI ] l ) LI I LI L T | 7 ] LR | l T LI ) L] lj 1 T

1.5

0.5

Secondary voltage (V)

Tll[lllllT]lTllrllﬁ]lljl

‘<IIIIIIALIIJ;III;IIIIIIJ‘IILI

0
_0.5—lgl#llj;llill¢u|1|14|1411|;114;1Li|11|7
-10 0 10 20 30 40 50 60
Time (ns)

Figure 5.4.2 Flux motion is faster for higher laser energies. The flux associated with each pulse is

the same.



124

25 .-I LI I LELEL l T I 17 I LB I LI I*I ) I- 2'5
: B -
20 [ . ]2 &
~ K ; @
; 15 E -9 T 1.5 §
CH @eeemen e : g
20 [ oo ? 11 <
p— e @ .- 1 -
SR S ] &
L . &0
5 o J 05408
C 1 2
; 1.3
0 b I S| ILI A Ll -y | 1Ll l L4 1 I Ll 1 l | I-I 0
0 2 4 6 8 10 12 14

Laser energy per pulse (m]J)

Figure 5.4.3 As laser energy is increased for the same flux, peak voltage rises sharply, indicating

faster flux motion.

If the temperature of the films is lowered the critical current density increases.
The higher critical current gives rise to larger flux screening. Therefore lowering the
temperature gives a larger voltage pulse, and also larger flux (Fig. 5.4.4).

In the case when the screening currents are weak enough that the applied field
penetrates the entire film, the secondary voltage or flux is independent of the field. In
this case the whole film is in the critical state. The excluded flux is directly proportional
to the critical current density. Figure 5.4.5 shows that a variation of applied magnetic
field from 0.1 to 1 T does not affect the flux or the secondary voltage.
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Figure 5.4.4 Larger critical current at lower temperature corresponds to a larger amount of excluded

flux. The voltage pulse at low temperatures are consequently larger.
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5.5 Discussion

Although our experimental results are encouraging for the inductively-coupled
switch, it is far from attaining maturity. The energy extracted was of the order of 100
nJ which is several orders of magnitude less than what is required for its intended
applications. However, this is not unexpected given the constraints of the experiment
and the material properties of our switch.

Let us examine the principle of energy extraction from a magnetic energy
storage. Initially a flux screen is present inside the magnet. The magnetic field lines will
bend around it, creating a volume of exclusion around the flux screen (Fig. 5.3.4.1),
and will lower the effective inductance of the magnet. When the screen is removed, the
flux lines will redistribute changing the inductance of the magnet. Since flux inside the
superconducting magnet loop (® = L/ ) remains constant, this implies a reduction of
current. Using subscripts 1 and 2 to denote the former and the latter states, we can
calculate the extracted energy as,

AE=E1—E2=%(L1112—L2122). (5.5-1)

Now the energy extraction efficiency () can be defined as

2
S AE_ LB | L | L

R (5.5-2)
E ., LI L

where 1) < L, and ® = LI, = L,1,. Therefore, we can achieve a high efficiency by
distorting the field as much as possible inside the magnet to obtain a lower value of L;.
In other words, if we can exclude most of the volume inside the magnet initially, we
can extract a significant fraction of energy.

With a small 1 cm switch our excluded volume was a small fraction of the
magnet volume. With a larger diameter switch (for example a film on a 2 in substrate),
it would be possible to exclude a larger volume. The other alternative is to fill up the
volume inside the magnet with a large number of these switches. There is a current
multiplication scheme, called the Programmed Inductive Element (PIE) approach[115]
which allows sequential discharge of several switches, rated at a fraction of the required
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output rating, to produce the desired output waveform. This is a general scheme that
can be applied to any type of switch. Here the opening switches are connected to the
load through a corresponding closing switch (Fig. 5.5.1). An opening switch and its
corresponding closing switch!0 are triggered in rapid succession, followed by the
triggering of other pairs. The limitation of this scheme is the requirement of precise
triggering control. If the switches are not triggered within a short temporal window the
discharged energy from one switch will destroy other switches. Although the PIE
scheme has not been implemented in practice, especially because the above mentioned
timing requirement, we might be able to take advantage of our precisely controllable
and fast optical triggering to use it to connect a set of switches. There is a fundamental
limitation which prevents us from achieving high extraction efficiency. As we increase
the excluded volume inside the magnet, the flux lines are squeezed into narrow spaces
greatly increasing the local field intensity. Consequently, the flux screening will be less
efficient and the volume of exclusion will shrink. There will be a maximum volume of
extraction and extraction efficiency. We haven’t analyzed these issues of energy
extraction. If this approach is undertaken in future a quantitative analysis will be
necessary.

There is a more serious materials issue which needs to be addressed. As we
have mentioned in section 5.3, a naive estimate with a one-dimensional critical state
model gives a misleading picture regarding screening of a large magnetic field with a
thin film. It was estimated that a narrow ring of width 100pum would screen a field of 1
T. This argument is incorrect for thin films, but will be valid for a long hollow
cylinder. We need to perform a complete two dimensional analysis of the critical state to
analyze the flux dynamics of the thin film geometry (chapter 6).

100 a set of closing switches depending on the number of opening switches.
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Figure 5.5.1 The Programmed inductive element (PIE) scheme. A large load current is obtained by

sequentially triggering a set of opening switches, rated at a fraction of the load current, through a set of

closing switches.

As we shall see in chapter 6, the amount of excluded flux depends on the total
screening current (not the current density) supported by the superconducting film. We
shall also see that the critical current densities of our film are not large enough for
complete exclusion of magnetic fields of the order of 0.1 T. A reasonably accurate

estimate can be found by comparing the surface current density (Is) and field
(H = B/, ). The critical current density required to exclude a given field is!!

Jo=t=Z =" (5.4.1)

For a film of thickness 500 nm, and B = 0.1 T, the required critical current density is
2x107 A/ cm?. This value, while not unreasonable for the best reported films, is at

HThis is an order of magnitude estimate and is strictly valid when the film is fully penetrated by

external field.
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least an order of magnitude higher than our films. Therefore, in our experiments most
of the field would have penetrated the film in its superconducting state, and a small
fraction was excluded by the screening currents. This small fraction of applied field
moves in upon laser illumination and therefore the amount of energy extracted from the
field is much smaller than the ideal case of complete flux exclusion. Although the bulk
material has a critical current density 100 times smaller than that of a thin film, the total
screening current will be greater due to the added gain in thickness. For example, a 1-2
mm thick cylinder, like the ones in an inductive fault current limiter (section 2.3.1), can
be used instead. For applications not requiring very fast switching, a switch based on
bulk material would be more suitable.
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CHAPTER 6

ANALYSIS OF TRANSIENT FLUX DYNAMICS IN
SUPERCONDUCTING INDUCTIVELY COUPLED SWITCH
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6.1 Modeling the screening currents in a superconducting
disk

A superconductor placed in an external magnetic field produces screening

currents. These screening currents generate a magnetic field that opposes the external
field (B, ). In the Meissner regime, B,,, < B.;, the screening currents exclude the

external field completely. In the vortex state, B,,, > B.;, partial flux penetration takes

place. The screening currents, constrained by the local critical current density,
configure to minimize the region of flux penetration. A simple one-dimensional model
of the critical state has been discussed earlier in section 3.2.7.

The simple one-dimensional analysis of the critical state is applicable for bulk
superconductors, where the longitudinal dimension (parallel to the direction of external
field) is not small compared to the lateral dimension (perpendicular to the direction of
the external field). If the longitudinal dimension is small compared to the lateral one,
however, the large demagnetization factor causes enhancement of the field strength at
the outer edge of the superconductor. The demagnetization effect (section 3.2.4) in thin
films, placed in an external magnetic field perpendicular to the film surface, is strong.
Therefore, magnetic flux can penetrate from the edge of the thin film even when
B, <B,.

ext

In the recent years, there has been a lot of work on the critical state in
superconducting thin films. However, most of this work concentrates on the
magnetostatic currents and fields. While, there is some work on response to sinusoidal
ac magnetic field, the issues regarding transient changes of the critical state (e.g., when
the film makes a rapid transition to a resistive state from a superconducting one) has not
been investigated. Analytical solutions for the current and field distributions in thin
disks have been obtained by Mikheenko and Kuzovlev[116], assuming field-
independent critical current densities. This result is of singular importance, since it
solves a problem to which an analytical solution was not perceived to be possible.
Brandt[117-119] has studied and compared different geometries including strip lines.
Frankel[120] and Daiimling and Larbalestier[121] have calculated fields and currents
numerically, for constant and field-dependent critical current densities. Zeldov et

al.[122] have extensively studied the effect of transport current on magnetization in
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superconducting strips. Semi-empirical calculations by Theuss et al.[123] determine
current and radial component of the magnetic field (B,) from magneto-optical

measurements of B,(r) in c-axis-oriented YBCO thin films.

The calculation of current and field distribution is an essential part of
understanding the critical state dynamics in our thin film inductively coupled switches.
We have developed a self-consistent model that allows us to formulate the magnetic
fields and screening currents, under static and dynamic conditions. The model, based
on the evaluation of magnetic vector potential due to current loops, leads to a numerical
methodology that lends itself to efficient computation.

Let us consider a film of thickness d, shaped like a circular disk of radius R.
Initially we assume that the critical current density (J.) is constant (independent of

magnetic field). The externally applied field (ZB,,,) is parallel to the axis of the circular
disk. We divide the disk into n concentric strips of equal width (w = R/n). Each of
these strips is considered to be a loop carrying a surface current (I), neglecting any
variation of the current density (J) across the thickness. The circular strip with radius r;

carries a surface current I (Fig. 6.1.1).

6.1.1 Vector potential due to a current loop

Let us consider a single current loop of radius p, carrying a current J, in the
plane of the disk (z=0), centered at r=0 (Fig. 6.1.1.1). By definition![124,125],

g Mo gldl

6.1.1-1
4’ r ( )

Due to the cylindrical symmetry, A is independent of the azimuth, ¢ , in cylindrical
coordinates. We choose our point of observation, P(r,0,z) at ¢ = 0 plane, without any

IThis and other formulas involving vector potential, field and current can be found in most texts on
electromagnetism. However, details of the calculations are often left out and the use of unit systems
other than SI add to confusion. The use of References 123 and 124 are highly recommended for similar

magnetostatic analyses.
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loss of generality. Let us take two current elements of length dl at ¢’ and -¢’. The

current elements are equidistant from P, the distance being

IR|= R=+/r*+p% —2rpcos¢’ + 22 (6.1.1-2)

The resultant contribution from the two current elements at ¢’ and -¢’ is in the y

direction, given by

A :uOIp 7 “:uOIp I3y
da =B gr do’. 6.1.1-3
anR =Y g COSP 0 ( )

A

Figure 6.1.1 A thin circular disk of radius R is divided into concentric strips of width w.
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P(1,0,z)

(P,'q)',o

Figure 6.1.1.1 Vector potential due to a current loop of radius 7 in the z=0 plane. The point

of observation, P, is in the ¢=0 plane. Two current elements, equidistant from P are shown.

We note that A is perpendicular to the plane of observation (¢ = O plane). Therefore A
has only a (f)-component, given by

4, =ER [ 2C°S¢d¢ . (6.1.1-4)
2m -0 \[r2 +p°=2rpcos¢’ +z
: . i T-¢’ 4rp
Equation (6.1-4) is solved by substituting 8 = and k= —2-—22.
2 (r+p) +z

The vector potential can then be expressed as,

2 Some authors denote k by x2 and write K(x) and E(x) instead of K(k) and E(k).
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(9,2 ——7‘;— Fk {(1=k/2)K (k) - E(K)}, (6.1.1-5)
mi2 -112 w2 1/2
where K(k)= _[ (l—ksin2 9) d8, and E(k)= I (l—ksin2 9) d@ are the
0 0

complete elliptic integrals of the first and second kind respectively. In the special case
when the point of observation is in the plane of the loop (z=0), equation (6.1.1-5)
simplifies to

Ay(r ¢O)— I(1+p/r){(1—k/2)K(k) E(k)} (6.1.1-6)
4rp

(r+p)
into mathematical software packages, like MATLAB™[126].

where k = . These can be evaluated using standard techniques, that are built

6.1.2 Magnetic field due to a current loop

Magnetic field due to this current loop can be obtained by taking the curl of A .

— — dA 19
- —_p 0 210 N
B=VxA=-i— zrar(rA¢). (6.1.2-1)
The radial and axial components of B are? given by,
B (r,¢,2)= Holz —K(k)+ME(k) (6.1.2-22)
27‘L’r\/(r+p)2+z2 p— ) +Z
2_2_ 2
and B,(r.¢,2)= ol K(k)+p'—E(k) (6.1.2-2b)
27y (r + )% + 22 (p=r)*+

The radial field changes sign above (z > 0) and below(z < 0) the plane of the loop but
the axial component does not. In the special case of z=0, we have

3 Please refer to Eqgs. (Al-14) and (AI-16) in Appendix I for the derivatives of K and E.
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B,=0,and B, = “01{ kKtx) , Ek) } (6.1.2-3)
2w ((p+r) (p-71)

4rp
r+p)’
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6.2 Magnetostatic currents and fields of a single
superconducting disk

In our model, described in the preceding section, we have represented the

screening currents in the superconducting disk to consist of n circular loops, at radial
locations r;. The current in the jth loop is I; xw. The radial component of the

magnetic ﬁeld is zero at the plane of the film. We evaluate axial component of the field
(Bz) at m points on the z=0 plane, at radial locations r;. We choose the values of r; such
that ., —r, =w (Fig. 6.2.1).

Figure 6.2.1 The fieldis calculated at radial locations r;, halfway between two consecutive current

loops.

B; at any point is calculated by adding the contributions of each current loop at
that point as,

(7:.9,0) = Z il (6.2-1)
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or in matrix notation as,
B, =bl,, (6.2-2)

where B, is an mx1 vector, b is an mXn matrix, and I is an nx1 vector. The

elements of b are given by,

- K(k;: E(k;::
b, = pow| Kky)  Ek;) , (6.2-3)
27 | (r5+n)  (ri=n)
where, k; = (r‘4_f:‘:)2 . The matrix form is particularly appropriate for matrix-based
j i

packages like MATLAB™[126], which are used for most of our calculations here
(Appendix 3).

6.2.1 Zero-flux current distribution

For complete flux exclusion, B, is zero for r; < R. Considering n field locations

(i = 1,2,...,n) and n current loops (j= 1,2,...,n), the zero-flux surface current
distribution (12) can be calculated, for a given external field (B,,,), by imposing a set

of n boundary conditions,

n
B,(r)=Y bl =—-B,, fori=12..n (62.1-1)
j=1

In matrix form,
1°=-B_b'U (6.2.1-2)

where U is the n X1 unity vector. Fig. 6.2.1.1 shows the zero-flux surface current
distribution as a function of the radial distance from the center of the disk (). The 500-
nm thick disk has a diameter of 1 cm. The external magnetic field of 0.2 T is along the
—Zz-direction. These values have been chosen for all our calculations to facilitate
comparison with experimental results. The number (n) of current loops is 25, so that
width of each strip is 200 um. The results are also compared to an analytical expression
described in section 6.2.3. '



139

15
’g 10t
w)
=]
A
3T

0 2 N ’L N " L " i

0 051 15 2 253 35 4 45 5

r (mm)
Figure 6.2.1.1 Zero flux surface current distribution calculated by our model (solid line)

with n = 25, and by the analytical expression (dotted line) of Eq. 6.2.3-1. The results are virtually

identical.
6.2.2 J.-limited current distribution

If the external field is large enough, the required zero-flux surface current
distribution exceeds the critical surface current Iy (J. x d). In that case, we have a J-
limited current distribution. The flux penetrates into the disk from the outside edge. The
current redistributes itself to keep the central region flux free. The J -limited surface
current distribution () is calculated from 12 by the following iterative procedure.

The first step compares the surface current in the outermost ring (I, ) to Is. . If

I, < I, the current distribution is not J.-limited, and I = i, >1

s> then I is

set equal to Iy, and the procedure outlined in section (6.2.1) is used to compute the
surface currents for the remaining n-1 rings. We solve n-1 simultaneous equations,
y'sj

n-1|
Zb"l +b,l,.=—B,,, (6.2.2-1)
j=1

for i=1,2,....,n. In other words, we calculate a current distribution so that the field is
zero everywhere in the film except for the outermost ring.
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I (105 A/m)

r (mm)
Figure 6.2.2.1 Surface current distribution as a function of radial distance (r) for our model

(solid line) with n = 25, and the analytical expression (dotted line) given by Eq. (6.2.3-2).

Bz (T)
=)
N
/’

0 1 2 3 4 5 6 7 8§ 9 10
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Figure 6.2.2.2 Magnetic field distribution as a function of radial distance (r) for our model
(solid line) with n = 25, and that calculated using the analytical expression for the J.-limited surface

current given by Eq. (6.2.3-2).

At each subsequent step (p) of our iteration, we compare Iy,_,.1) to Isc. If
Li(n-p+1) > Isc, it 1s set equal to Is... We then solve n-p simultaneous equations of the

form,
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n~p n

zbijlsj + Isc zbu == Bexp (622-2)
j=1 jenr~-p+1

for i=1,2,.....,n-p. We stop at the pth step of iteration if [ ,_,.1) < [Isc, or after n

steps. The latter corresponds to the critical state, where there is flux penetration
throughout the disk and the surface current distribution is uniform and equal to I, The
J.-limited surface current distribution and the corresponding magnetic field distribution

is shown in Figs. 6.2.2.1 and 6.2.2.2.

6.2.3 Analytical expressions for current distributions

We have so far neglected the field dependence of J.. Under this assumption

analytical expressions for the magnetostatic current and field distributions can be found.
The agreement between the analytical expressions for this special case and numerical
results obtained by our model is excellent (Fig. 6.2.1.1) and validates our numerical
method. The elegant analytical expressions for the zero-flux and J_-limited current
distribution were obtained by Mikheenko and Kuzovlev[115]. The zero-flux surface

current distribution is

1) =—2Be | T (6.2.3-1)
Ty VR —r
and the J_-limited surface current distribution is
21 4l r R*-4°
I(r)=——¢tan | — , 6.2.3-2
5(7) /4 R\a?-r? ( )

where the radius (a) of the central flux-free region is a = R/ cosh(ZBex, Jlol sc).

6.2.4 Incorporation of the field-dependent critical current density

For any given J.(B), the current and field distributions can be obtained by the
algorithm outlined in sections (6.2.1) and (6.2.2). The key difference is that the critical
surface current is non-uniform and has a distribution, /.(r), expressed as
I (r))=J.(B(r))) xd. At the pth step of iteration (Eq. 6.2-7) for calculation of J.-
limited current distribution, Iy(,_ 41y 1S compared to I(ry.p4 ). Is.(r)) is calculated at
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each step by calculating the field distribution (B, = bly) first and then modifying I;.(r))
according to J.(B). We calculate a modified I using Eq. 6.2.2-2 and repeat the
process of modifying B,, I, and I iteratively until the difference between two

successive field distributions are very small (typically one millionth of B, ;).

For example, if we assume J_.(B)= JC(O)(]_IBV B"), which represents a linear
decay of log J. with respect to the magnitude of B (Eq. 3.3.9-3b), we obtain a modified
surface current distribution as shown in Fig. 6.2.4.1(a). Fig. 6.2.4.1(b) shows the
corresponding field distribution compared to the constant-J, case. The assumed field
dependence of J, can also be written as J.(B) = JC(O)e_IB'/B1 , where B, = B, /InJ_(0).
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Figure 6.2.4.1 (a) Surface current and (b) field distribution for constant J.(B) (solid line) and

J.(B)=J, (0)(1_|B|/B°) (dashed line), where B is 10 T, and J(0) is 5 x 107 A/cm? in an external

field of —0.2 T. In this case two identical 1-cm-diam, 500-nm-thick films are separated by 2 mm, and

the external field is 0.2 T.
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6.3 The case of two superconducting disks (experimental
configuration)

To simulate the experimental configuration (section 5.3), we need to extend our
calculations to include two identical films separated by a distance ¢ (Fig. 6.3.1). Since
the current distributions in the two films are identical, we can rewrite Egs. (6.2-1) and

(6.2-2), using the superscripts I and /I for the two films, as follows:
. (1] L I
B,(r=r,z=0)= Y bl = Z(bij + b} )Isj =B, (6.3-1)
j=1 Jj=1

where z = 0 is the plane of the first film, indicated by the superscript I, and z = ¢ is the
plane of the second film, indicated by the superscript II. The elements of matrices b!
and b!! are given by Egs. (6.1.2-3) and (6.1.2-2b) respectively as

o B K(k}) . E(k}) 632)
| )] |

r,-+r,~) (’j"i

where k,-§=————4riri 7
(rj+1r)
2_.2_ 2
W r,” —r _C
and bl = Ho —— K]+ ——EG) (6.3-3)
27r\/(rj+r,-) +c (rj—ri) +c
4rir;
where kg.l = S

(r; +r,-)2 +c2

Solution of Eq. (6.3-1) yields the zero-flux current distribution from which we
then calculate the J -limited current distribution following the same algorithm as in the

case of a single film.
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Figure 6.3.1 Two identical coaxial disks of thickness d and radius R separated by a distance c. The

T
L2

external field is parallel to the axis of the disks.

6.3.1 Effect of radial magnetic field

In contrast to the case of a single thin film disk, where the radial component of
the field is zero at the plane of the film, there will be a small radial component of the
field produced by screening currents in one film at the plane of the other film. The
presence of this radial field (By) does not change the current distribution appreciably
and therefore has been ignored. The radial field produced by the film I (at z=c) at the
plane of the film / (at z=0) is given by,

"o
B,(r;,$,0)=> b} I, (6.3.1-1)
j=1

where the elements of matrix br" are given by Eq. (6.1.2-2a) as,

2 2 2
ri+ri+c

by =— Howe ~K(ky+ —— = Ek!") |.(6.3.1-2)
272:'r,-\/(rj+r‘-)2+c2 (rj—r))" +c

This radial field is compensated inside film / by an anti-symmetric component
of the azimuthal screening currents at the top and the bottom surface of the film. This
can be understood by assuming that the top half of the film carries a surface current
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distribution of (I + Al)/2 and the bottom half carries a surface current distribution of
(I — Alg)/2. While the axial field (B;) remains unchanged, this current distribution

produces a self-induced radial field inside the film. This self-induced radial field cancels
the radial field produced by screening currents in the other film. The self-induced radial
field due to two half-disks at z =1d/2, at the central plane of the film (z=0) is given

by,

B,(r;,$,0) = Z ’ i( ) Z (6.3.1-3)

The elements of matrix b® in Eq. (6.3.1-3) are given by4,

1 Low(d/2) y r +r2 +(d/2)? i
by = -K(k" )+ E(")|,(6.3.1-4)
' mmdvfwv”uwmz[ =+ a2y
1 4rr;
where k' = J

(r; +r)* +(d/2)*

To calculate the anti-symmetric component of the surface current (Al), we

solve the matrix equation
o L Lo
'L, +b AIS=0,orAIs=—(b ) b'L,. (6.3.1-5)

For films of thickness d = 500 nm, separated by ¢ = 2 mm, Al is an order of
magnitude smaller than I,. We can therefore, get a good estimate of flux penetration

and pinning from considering the axial component of magnetic field only. Subdivision
of the disk along the thickness and analysis of radial field provides interesting insights
to the problem. For example B, < 1/z for small z.5 The component of the Lorentz force
(F = ¢3qu X FB,) on the vortices due to the radial field (By) is vertical (Z). The vertical

1

4 An important difference between the self-radial field matrix b" and the axial field matrix bI is that
the former calculates the field at the center of the film due to a current differential on either side, while
the latter ignores the variation of current distribution along the film thickness.

SSee Appendix 2 for a detailed analysis.
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dimension of the disk (500 nm) is very small compared to the radius (5 mm).
Therefore, even if the vortices entering the disk are not exactly vertical their motion is
primarily limited by the vertical (Z) component of the field. Our analysis suggests that
the field lines inside the disk are indeed nearly vertical, since the radial component is
small. We can incorporate a complete self-consistent analysis taking into account the
radial fields as well as the axial fields in our model. This, however, requires decreasing
the width of each current ring to a size comparable to the thickness of the film® and
subdivision of the disk along its thickness, corresponding to a thousand times more
current elements. The increase in the complexity of computation and the computational
time does not seem justifiable for the accuracy required for our analysis.

6 As explained in Appendix 2, the radial field contribution at a point is due to an azimuthal current
loop directly above (or below) the point and falls off as 1/z in the near field. We approximate the
surface current distribution by dividing it into discrete loops of thickness w=R/n. Therefore, the width
of the discrete loops (w) has to be of the order of the distance (z) between the point of observation and
the location of the current ring. This distance is a fraction of the film thickness. In other words, w<d

for accurate evaluation and would require n>10,000.
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6.4 Transient analysis of current and magnetic field

6.4.1 Case I (single disk)

In this section we calculate the changes in the current and field distributions
following a transition of the superconducting disk into its normal state (T > T.).
Initially we shall assume that this transition is instantaneous. When the film becomes
resistive, the screening currents decay, allowing flux to move in. The process of flux
entry associated with the decay of current is calculated by the time evolution of the
magnetic vector potential.

The flux-diffusion equation can be derived in terms of the vector potential (Ay)

from the following well known relation :
A,

Ey=-VV—-—-. 6.4.1-1
0 E” ( )

For the circular current distribution described in Section 6.1, the voltage (V) in a loop

can not have a spatial variation, implying VV = 0. Using the sheet resistance (R;) of

the disk in the normal state, Eq. (6.4.1-1) can be written, in terms of surface current
(I,) as

My __

=5 ==Rol,. (6.4.1-2)

For a given surface current distribution, I, we can get the vector potential at the plane

of the film as

n
Ag(n) =3 a5l
j=1

or in matrix notation, A=al7 (6.4.1-3)

7 The subscript ¢ in the expression of vector potential is dropped for simplicity. Unless otherwise

specified it will be assumed that A has only ¢ -component.
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The elements of a are given by Eq. (6.1.1-6) as

a; = MK] _ E’ZJK(](U) - E(k,j ):l, (6.4.1-4)

2nr; 2
4rr; . L : .
where k. = . Equation (6.4.1-2) can now be written in matrix notation as
P+ rj)z
__‘f;‘ — R, (6.4.1-5)

Starting with the initial current and potential distributions, I,(# = 0) and A(z = 0), we

calculate the time evolution of potential, current, and field using discrete time
increments (At). From Eq. (6.4.1-5), we get at time ¢ + At,

A(t+Ar) = A(r) - R,ALL, (6.4.1-6)
IL(r+AN=a"'A(t+Ar) (6.4.1-7)
and B,(t+ At)=bI (1 + Ar) . (6.4.1-8)

6.4.2 Case II : Two identical disks

In the case of two identical films placed parallel to each other, separated by a
distance ¢, we proceed by evaluating the total vector potential at the surface of one of
the films produced by currents in both the films. Using superscripts I and II to denote
the two films as in Eq. (6.3-1), we express the elements of matrix a at the plane of film
I as,

ay=al+all, (6.4.2-1)

. k!
woeap=tan(is ) ol
1

and all = oV L{[l—i]K(kl’)—E(k.’.’)}
Y T r,-kijl 2 v vile
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ki and k}! being the same quantities defined in Egs. (6.3-2) and (6.3-3). Equations

(6.4.1-6)—(6.4.1-8) can then be used to calculate the current and field distributions as

they evolve in time. Fig. 6.4.2.1 shows the surface current and field distribution at
different instants of time, for a 0.5-wm-thick film with J, =5 x 107 A/cm? and sheet-

resistance (Rg) of 1 €, in an externally applied field (Beyt) of 0.2 T. The time scales
with BoR/R;.
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Figure 6.4.2.1 (a) Surface current (Ig(r,t)), and (b) magnetic field (Bz(r,z=0,t)) distributions

at different instants of time. This is for the two identical 1 cm diameter, 500 nm thick films centered at

r = 0 and separated by 2 mm, with JC=5.107 A/cmZ. The external field is 0.2 T. The films become
resistive (R = 1Q) at +=0.
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6.5 Coupling of transient flux in an output (secondary) coil

In order to make a switch, the additional flux that moves into the excluded
volume between the two films must couple to a secondary coil. Fig. 6.5.1 shows the
two films with the secondary coil placed between them.

Bext Disk-shaped
Superconducting
films

Y

LOAD ) —5 c
c/2

Figure 6.5.1 A secondary coil, connected with the load circuit placed halfway between two

Secondar
coil

superconducting disks.

Therefore, the flux motion will be governed by the circuit comprising the films
and the secondary coil. This circuit a}lalysis is carried out by modeling the film rings
with lumped self and mutual inductances and resistances. We shall discuss the
technique of calculation of mutual inductance between two coaxial current loops and
then proceed with the circuit analysis.

6.5.1 Mutual inductance between two coaxial circular loops

Fig. 6.5.1.1 shows two coaxial circular loops of radii a and b, carrying currents
I, and I, are separated along the axis (Z) by a distance c¢. Mutual inductance (M)
between the two loops is defined as the flux produced at the loop b by unit current in
loop a.
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Figure 6.5.1.1 Two coaxial circular loops of radii a and b, carrying currents I, and I, are

separated along the axis (Z) by a distance c..

Since the loops are coaxial the vector potential due to one loop is the same at all points
of the other loop. Therefore,

o, $A.dh 2ma,
1, 1, I

a

Mb=

a

(6.5.1-1)

Mutual inductance is reciprocal, M, = M,,. Combining Eq. (6.5.1-1) with Eq.
(6.1.1-5),

b
My = 2H01 f%[(l - k/2)K (k) E(K)] (6.5.1-2)
4ab . o
where k = —————. The expression for coplanar loops can be simplified by
(a+b) +c

changing the modulus, K, and using the properties of the elliptic integrals.® Defining
k= (b/a)z, for b < a, we can write

2a
a+b

K(k)=(1+b/a)K(k’),and E(k)= E(k’y—(1-b/a)K(k"). (6.5.1-3)

Mutual inductance can then be written as

8 See Appendix I for details.



154

M, = 2moa[ K (k") — E(K")). (6.5.1-4)

If a < b, we must interchange a and b in the above analysis. The modulus of elliptic
integrals must be less than 1.

6.5.2 Circuit analysis of the coupled system

Let us first consider a single film placed near a single turn secondary coil of
radius r;. The film become resistive at z = 0. The inductance and resistance of the ith
ring (radius = r;) is denoted by L; and R;respectively. The mutual inductance between
two rings of radii r;and r;is denoted by M;;. The secondary coil has an inductance of
L and a resistance of R;. The mutual inductance between the secondary coil and the ith
ring of the film is M ;. We now have n + 1 inductively coupled circuits. Using
Kirchhoff’s law in each circuit, we can write the following system of differential
equations for currents /; in each loop:

L%+.‘KI=O (6.5.2-5)

where L and Rare (n+ 1) X (n+ 1) matrices and Iis a (n + 1) x 1 vector. The matrix
L is partitioned as shown in Fig. 6.5.2.1 below.

nxn nxl
VT
1xn LS
Figure 6.5.2.1 The inductance matrix L, for a film coupled to the secondary coil, is

partitioned into four submatrices. M represents the self and mutual inductances of » rings of the film,

V and its transpose vT represent mutual inductance between the secondary coil and the n rings of the
film, and L is the self-inductance of the secondary coil.
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M is a symmetric n X n matrix, whose main diagonal is given by,

M;; = L; = po(r; + qi)[[l - %{JK(kif )- E(k/ )} S (65.22)

__4ng; -
(’i"“%‘)

The off-diagonal elements, M, ij» Tepresent the mutual inductance between the ith
and jth current loops. Since M is symmetric we need to calculate only the upper
triangular elements. Using Eq. (6.5.1-4), we get the j™ superdiagonal (and the Jh sub-
diagonal) of M as

M

wirpy = Mjyi = zouOrHj[K(k:;'n)_ E(k;)] (6.5.2-3)

2 . .
where, kg’ = (r,- [ris j) .Visanx 1 vector and VT is its transpose. The elements of

V, representing the mutual inductance between the ith current loop and the secondary
coil can be calculated using Eq. (6.5.1-2) as

Vi = 2410, [{ _.lfzis._]K(kf)—E(kf)] (6.5.2-4)

i

4r;rg
(ri+ rs)2 + (c/2)2

approximated in the limit of w, << r, asl0,

where kf= . The secondary coil inductance (Lg) can be
L, = po(ry = wy/4)[In(16r, /w,) - 2] (6.5.2-5)

where wy is the width, and r; is the radius of the coil. wy= 200 um is used for our
calculations.

The matrix K is diagonal, with elements

9 See Appendix 2

10 ee Appendix 2 for the formula of self-inductance of a current loop.



156

R =Mipg (6.5.2-6)
w
and R(n+l)(n+l) = RS . (652-7)

We obtain the initial current distribution (¢ = 0) for i = 1,..,n by multiplying the
J-limited surface current (/5;) by the width w. At ¢ = 0, current in the secondary coil,
I',41, 18 zero. Solving Eq. (6.5.2-1) we get,

1(2) = exp(— LR 1) (0) . (6.5.2-8)

I,+1(0) is the current in the secondary coil. We calculate the current vector /(¢) at each

time interval Az. The typical value for Ar was 100 ps; this is small compared to
HoR/Rg = 6.3 ns. The output voltage is given by

Vour(®) = Ipa1Rs - (6.5.2-9)

For two films (at z = 0 and z = ¢) and a coil between them (at 0 < z < ¢), the
matrix L will be (2n + 1) x (2n + 1) and can be partitioned into smaller matrices as
shown in Fig. 6.5.2.2.

M G vl

nxn nxn |nxl

GT M v

nxn nxn nxl

T. T

1xn 1xn

Figure 6.5.2.2 The inductance matrix L, for two films, is partitioned into nine

submatrices. G is the mutual inductance matrix between the two films, v! and v/I represent mutual
inductance between the secondary coil and the n rings of film / and film /I. M and L are the same as

in Fig. 6.5.2.1.
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The matrix M represents the self and mutual inductances of the rings belonging
to either film and is the same as defined in Egs. (6.5.2-2) and (6.5.2-3). V/ and v/ are
vectors representing the mutual inductance between the secondary coil and the rings of
film I and II respectively. When the coil is placed at z = ¢/2, halfway between the two
films, V/= V/I = V. The elements of matrix G, G;; reprel57sents the mutual
inductance between the ith ring of one film and the jth ring of the other.

oo [T [1-E)e)-e(6)| . wsa0

ij

ar;r;
where kfj= ‘21 >
ri+rj) +c

The matrix K is diagonal, with elements

27r; .
R ='K(n+i)(n+i) =T‘RG (fori=1.2,.,n) (6.5.2-11)

and K(2n+1)(2n+1) =R; . (6.5.2-12)
The initial condition (z = 0) for current vector I is
1,0)=1,,;,0)=1;xw (for i=1,2,....,n) (6.5.2-13)

and I, 1(0)=0, (6.5.2-14)

&

where I; is the J.-limited surface current of the ith ring of either film. The voltage
across the secondary coil (V,,,) is given by

Vou () =I5 (1) X R, (6.5.2-15)

Figure 6.5.2.3 compares the V,,(z) for four different values of R;. The

secondary voltage is in the shape of a pulse, representing the varying speed of flux
entry. The speed of flux entry, and therefore the rise and fall time of the pulse, is
limited by the output circuit inductance and resistance. For higher resistance the flux
entry is faster.
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In Fig. 6.5.2.4 we compare the secondary current in the case of a single film
with that in the case of two films. The distance between the coil and the film is the same
in both cases. Better flux screening and, therefore, a larger output current is achieved
with two films instead of one.

[0——————————————————

Secondary voltage (V)
[\
=
(o]

1500
1000
500
0 50 60 70 80
Time (ns)
Figure 6.5.2.3 The voltage pulse produced at a single-turn secondary coil for different

values of output resistance (Rg). Two identical 1-cm-diam, 500-nm-thick, disk-shaped superconducting

films with J. = 5 x 107 A/cm? are placed on either side of a 4-mm-radius secondary coil at a distance
of 1 mm. The externally applied field (Beyy) is —0.2 T. The films become resistive (R5 =1€2/5q) at

t=0.

Energy in the secondary circuit is given by,
{
Epu(t)= [ 13,1 (t)Ryd = j( RS . (6.5.2-16)
0

Part of the energy is dissipated in the films. The energy dissipated in each ring is given
by,

E()=E,, ()= jl R ;idt. (6.5.2-17)

So the fraction of energy (f) extracted by the secondary coil is given by,
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2
E R( n ” I2n
—oul - e atl) 2al (6.5.2-18)

Elotal Z 2
Rid;
i=1

f=

With an optimized output circuit this fraction is about 0.5.

3500 -
<l 1
o~ 3000} Yoz
L 2500f two disks g ]
[}
© 2000}
>
£ 1500}
o
= >
g 1000} one disk _Q___f/z {
B> auiEETE
500 r ;
O ™0 2 4 6 8 10 12 14 16 18 20
Time (ns)
Figure 6.5.2.4 A comparison of secondary voltage pulses in the one-film and two-film

configurations. In both cases output resistance is 50 Q. The films are 1 cm in diameter, 500 nm thick
with J, = 5 x 107 A/emZ. External field is 0.2 T. The film(s) become resistive (R, =1€2/sq) at 1 =

0.

We can also calculate the amount of flux coupled out in the secondary coil and
an effective volume of exclusion (Vexcl). The amount of flux coupled out is

t
D, (0 = [VE, ()t (6.5.2-19)
0

and can be normalized with respect to the flux in the secondary after complete
penetration as
o

Bou = 2. (6.5.2-20)
s ~ex
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For the values used in Fig. 6.5.5, ¢,,, = 0.73. This can also be checked by calculating
the amount of flux initially present in the coil before driving it normal. We can calculate
the field distribution at the plane of the secondary coil as

B,(r,z=c/2)=bI(0), (6.5.2-21)
where the matrix elements of b® are given by,

,jz_riz_ 2/4

(rj=r) +c*/4

bS = HoW K (k) +

i E(kj)
! 27[J(r}- +n)2+02/4 ’

(6.5.2-22)

and I,(0) is the surface current distribution at t=0. We integrate this field over the areca

of the secondary coil to obtain the amount of flux initially present in the coil,

Ts r_,/w
@, =27 | Bjrdr=27w Y Bf. (6.5.2-23)
0 i=1

The extracted flux, @, isrelated to ®,,;, as,

&, = r’B,, —® (6.5.2-24)

out

The volume of exclusion can be estimated by dividing the total energy (E,,,;)

by the energy density of the applied field as

.

E
V,  =——ea 6.5.2-25
excl an /2.110 ( )

This can be expressed as a fraction (called the volume coefficient) of the spherical
volume of radius R, the radius of the film. The volume coefficient (v) for the parameter
values of Fig. 6.5.2.3 is v=V,,, /(478%/3) = 0.41.
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6.6 Heating below T, : Flux-flow regime

So far we have assumed that the films are heated to their normal state (T > T );
hence, the flux diffusion is governed by the normal state resistance (R,;). If the films
are heated to a temperature below the critical temperature (7), the critical depinning
current is reduced, and flux diffusion takes place in the superconducting state. The
vortices move radially inward because the current flows in the fp direction. The
resistance associated with the flux motion is the flux flow resistance
(Rg = Ry4|Bl/B;2 ), neglecting flux pinning. We can incorporate this in our model by
changing the matrix & appropriately. For each time interval Az, we calculate the field
distribution from the current distribution using Eq. (6.4.1-8) and scale the value of
sheet resistance to R; =|B|/B.,. Fig. 6.6.1 shows the resultant secondary voltage,
which is much slower than the case of heating to the normal state. The value for upper
critical field along the ¢ axis was taken to be 50 T.[127]

50
60
404 340(_\
220
S 30 ” 0 |
< 0 5 10 15 20 25 |
5 .
> 1 Time (ns)
[r 'y
10} ]
0 100 200 300 400 500

Time (ns)
Figure 6.6.1 Voltage pulse for superconducting films heated to flux-flow regime. The films are 1
cm in diameter, SO0 nm thick with Jo =5 x 107 A/cm? prior to heating and greatly reduced afterwards.
External field is 0.2 7. A 50-Q output resistance is assumed. B2 is 50 T. The inset shows the rising
edge of the voltage pulse with an expanded time scale.
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6.7 Comparison with experimental results

We have seen in chapter 5 that the inductively coupled switch is based on the
transient flux motion in superconducting films. The superconducting electromagnet
(source) produces the external magnetic field and a single-turn copper secondary coil is
used to couple out the excluded flux that moves in[128]. The films were irradiated by
150-ps Nd:YAG laser pulses. We observed output voltage pulses up to 80 V with a rise
time of about 2 ns. In Fig. 6.7.1 we show one such pulse with a peak voltage of 45 V.
It is compared to a voltage pulse calculated by our numerical technique. The critical
current density (J.) of the film was chosen to match the flux coupled out

[CD = JV(t)dt]. The value of J, was found to be 1.33 x 106 A/cm2, which is of the

right order of magnitude. We measured the critical current density of the film to be
2.5 x 100 A/cm? at 77K and zero magnetic field. The slight discrepancy may be due to
some reduction of J. with magnetic field (section 3.3.9).

For our theoretical calculation instantaneous transition to the normal state was
assumed. The thickness of the films used was 500 nm, which is much greater than the
optical penetration depth (120 nm). Therefore, only the top part of the film absorbs the
light initially and is heated above T. (section 4.5). The bottom part of the film remains
superconducting, though carrying smaller screening currents due to a temperature rise.
We have calculated the temperature profile along the thickness of the film as a function
of time using a 1-D heat diffusion model. For the fluence levels used in our
experiments (5-12 mJ/cm?2), the top 40% to 60% of the film is heated instantaneously
above T,. It takes 15-20 ns before the entire bulk of the film is normal. The magnetic
flux starts moving in as soon as the laser illuminates the film, but the screening currents
in the superconducting section of the film retard flux motion. The output voltage, the
time derivative of flux coupled to the secondary coil, appears as a shorter and broader
pulse compared to the case of instantaneous transition of the whole film to its resistive
state. The effect of diffusive heating of the film on the speed of flux entry has been
observed by varying the laser fluence.ll There is good agreement between our
theoretical simulation and experimental observation (Fig. 6.7.1). The apparent
discrepancies between the peak voltages in the two cases can be explained by the
thermal delay in optically thick films. Analyses combining the magnetic and the thermal
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diffusion will be required in future for a complete quantitative characterization of the

high-current switch.

120 T T | a
100

P D oo
o o o

o
o

Secondary Voltage (V)

-10 0 10 20 30 40
Time (ns)
Figure 6.7.1 A comparison between the experimentally obtained voltage waveform (thick line) to
one simulated by our model (thin line) , preserving the time integral of the output voltage. External
field of 0.2 T was applied by a superconducting magnet to two 1-cm-diam films separated by 2 mm.
The slower pulse onset in the experiment is due to inhomogeneous heating of the film, which was not

accounted for in the model.

We have not noticed any difference between the square and the circular
geometries experimentally. This is because the large field strength at the corners!! of
the square geometry will cause penetration and reduce the excluded region to a circle.
Therefore the modeling with cylindrical geometry is appropriate even for square

samples, especially since the analysis is simplified in the cylindrical geometry.

1 dye to demagnetization effect (section 3.3.5).
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CHAPTER 7
CONCLUSION
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High temperature superconducting devices will have a significant impact in the
field of electrical engineering in the coming years. The research in this field can be
categorized into three main categories : Materials, Large scale devices, and Electronics.
In this thesis, we have tried to capture the flavors of each of these rapidly diverging
categories. The thin film switching devices that we have studied probably belong to the
third category since they are primarily electronic devices. However, the applications
that we have focused on are large scale high power applications. Although thin films
are almost never used in high power applications, we have attempted to demonstrate
performance approaching moderately high current levels. The materials issues such as
critical current density and flux dynamics in superconductors are of extreme
importance. A detailed study of rapid flux motion, and thermal modeling of optically
irradiated thin films for characterization of the switches was done. Although fabrication
and processing of the thin film devices were not the main focus of this work, some
work on sputter deposition of thin YBCO films and patterning them using wet etching
and laser ablation methods was performed.

This research also addresses both the scientific and the engineering aspects.
While studying interesting physical properties like the optical response and the critical
state of the high temperature superconducting thin films, we have always been

motivated by the engineering applications and carefully investigated the design issues.

Two different switching devices, the photoresistive switch and the inductively-
coupled switch have been studied. The photoresistive switch precedes the inductively
coupled switch, which was conceived to circumvent some contact problems with the
former design. Since this idea was original and involved many challenging
experimental and theoretical problems, most of the work has concentrated on this type
of opening switch. Both designs take advantage of high absorption of near-infrared

radiation of YBCO to achieve fast, efficient, and accurately controllable triggering with
short (150-200 ps), Nd:YAG (A = 1064 nm) laser pulses.

The photoresistive opening switch is a current diverter. The device switches to
the resistive (or open) state from a zero-resistance superconducting (or closed) state
upon optical triggering. High normal state resistance of the ceramic YBCO allows the
current to transfer to a parallel load, when the switch opens. The switch is an 800 nm
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thick, 100-250 pm wide microbridge, patterned by laser ablation. We have studied the
response of the switch by varying three parameters : the laser fluence, initial
temperature, and the current bias. Unlike most other groups studying photoresponse of
superconducting films, we used optically thick films (thickness greater than the optical
penetration depth 120-140 nm) for enhanced current capacity. For the first time, we
observed a fast response in addition to a bolometric one, in thick films. Actually the
delayed bolometric response, at lower temperatures, allowed us to clearly separate the
fast (10 ns) response from the slower bolometric response. The experimentally
observed thermal delay between the laser trigger (called the response time) and the
onset of the bolometric response closely matches the result from a one-dimensional heat
propagation model of the switch. The response time increases for lower values of laser
fluence, initial temperature and the bias current. The fast switching component does not
have any delay with respect to the laser trigger irrespective of laser fluence. We have
not found a convincing argument regarding the origin of this fast component, which we
believe was limited by the slow measuring system. Several nonbolometric mechanisms
proposed in the literature have been considered and found either unsatisfactory or
incompatible. A semi-quantitative agreement with the experimental results is found by
an explanation based on an inductive response involving current redistribution, but
hasn’t been fully investigated. Preliminary experiments on a new design with a 1 cm
wide, 500 nm thick switch geometry exhibits switching currents up to 80 A. A wider
switch on a 2 in substrate will be tested in near future.

The inductively-coupled switch is a flux diverter. The switch is a thin
superconducting film isolating two ir;ductively coupled circuits, the source (primary)
and the load (secondary). Irradiation with a laser pulse drives the switch to its resistive
state causing the screening currents to decay. The excluded primary flux penetrates the
film and couples to the secondary. The time derivative of the flux coupling at the
secondary coil appears as a voltage pulse across the load. This switch has a contactless
design and can be maintained at a different temperature from the primary or the
secondary coil. Since the switch voltage is the time derivative of flux moving in or out
of the film, the faster the flux motion, the higher the energy delivered at the load. Also,
the fall time of the derivative response does not depend on the thermal recovery like the
photoresistive switch.
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We tested this idea at low magnetic fields, where the switch operated
repetitively. Encouraged by the success of the low field experiment, we undertook a
project to use this switch in conjunction with a large superconducting magnet, serving
as the primary. This design is ideally suited for application in energy extraction from
superconducting energy storage system![130], an emerging technology for power-
quality improvement. In the high field regime, the vortex state, the flux motion is
irreversible and the switching is single-shot. We did a series of experiments, changing
the secondary coil design and the film configuration. The speed of flux entry depends
on the inductive (L/R) response of the film and the secondary circuit. Best results
(voltage pulse with rise times as short as 2.5 ns, a width of 10 ns and 75 V peak) were
obtained with a single-turn secondary coil. Two films on either side of the secondary
coil were used to obtain better flux screening.

The transient flux motion in high-T¢ films in the vortex state is a complex and
challenging problem. A thorough analysis of the screening current and magnetic field
distributions in thin superconducting disks was performed. A novel technique,
involving calculation of the magnetic vector potential in the cylindrical geometry,
produced an efficient numerical algorithm for magnetostatic and transient analysis of the
critical state. Our results exactly match the elegant analytical expression available under
the simplifying assumption of field-independent critical current density, for the static
case. Our analysis and the associated numerical algorithms are flexible and adaptable to
a variety of problems concerning macroscopic flux dynamics in superconductors. The
experimental results are in good agreement with the predictions of the theoretical model.

These thin film switching devices are very fast and optically controlled. We
were limited by the critical current density of the YBCO films, which though
comparable to the state-of the-art thin films fall short of the requirements of a practical
device by at least an order of magnitude. Larger devices, multiple devices operating in
sequence, and devices based on bulk materials need to be studied in future.

1 Although we have not established the practicality of this new design for energy extraction, we have

obtained a patent on the optically triggered inductively-coupled opening switch [130].
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Appendix 1 : Elliptic Integrals and their properties

In our calculation of magnetic vector potential (A) and field (B), we have used
K(k) and E(k) , the complete elliptic integrals of the first and second kinds, extensively.
An elliptic integral of the first kind, F(g@lk), is defined in terms of the parameter k as

-1/2 sin g -1/2

F((plk)=T(1—ksin26) d9=j[(1—t2)(1—kt2)] dt,  (Al-])
0 0

and the elliptic integral of the second kind, E(@lk), is defined as
@ V2o sing -172 172
E(plk)= [(1-ksin?0) do= [ (1-7) "(1-&?) "dr.  (Al-2)
0 0
When ¢ = /2, the integrals are called complete. So K(k) and E(k) are defined as
n/2 -1/2

K=K(k)=F(n/2k)= [(1-ksin?0) do, (Al-3a)
0

2 1/2
and E=E(k)=E(n/2lk)= [(1-ksin®6) b (A1-3b)
0

The infinite series representations of K and E are as follows :

2 2 2
K(k)=£[1+(l) k+(1—'3-j k%(ﬁ] k3+----] (Al-42)
2 2 2-4 2-4-6

2 2,2 &2 3
=21 (L) E-(L2) £ (128)' ALb)
2 2,1 \2:4) 3 2:-4.6) 5
where |k| < 1. The limiting values of K and E are
lim K(k) = lim E(k) = /2, (A1-5)
k—0 k—0 )

lim K(k) = oo, (A1-6)
k—1
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and limE(k)=1. (AL1-7)
k-1

The divergence in Eq. (A1-6) is logarithmic. The cases of parameter k approaching

unity are encountered in evaluation of self-inductance of a circular loop and calculation

of radial field (B,) just above a current loop. These are discussed in Appendix IIL

An alternative evaluation of K and E, simplifies the expression of mutual
inductance between two coplanar coaxial circular loops. This is done by changing the
parameter k. Defining k¥’ =1-k, we can write

2 1-vE T
K(k):HWK[[HW] } (A1-8a)
and E(k)=(1+JP)E[[i;£} ]- liﬁk_ K[[:\/\/i:] J (A1-8b)

Substituting ¢=0 in Eq. (6.5-2) gives the expression for mutual inductance

between two coplanar coaxial circular loops as

M, =24, ‘2—”[(1 —k/2)K - E|=po(a+b)(1-k/2)K-E]  (Al1-9)

where k= dab 5 - Since

(a+b)
4ab a-b
K=_1- = , A1-10
o (a+b)? a+b ( )
and therefore, [:‘j’;:}% (A1-11)

Egs. (A1-5a) and (A 1-5b) simplify to

K(k)= aZbK(bz/az), (Al-12a)

and E(k) = asz E(v’/a*)- %K(bz [a). (A1-12b)
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Substituting Eqs. (A1-12a) and (A1-12b) in (A1-9) we get
My, =2pt0a| K (b*/a*) - E(v/?))]. (A1-13)

The derivatives of K and E with respect to k (= Vk), r and z are used to
evaluate the magnetic field from the vector potential due to a circular current loop. By
differentiating the series expansions in Egs. (A1-4a) and (A1-4b), we obtain,

K E
a—=—2—£, (Al-14a)
dx K(l -x ) K
and 9E_E-K (Al-14b)
ox K
For the vector potential due to a circular current loop of radius p,
. |/ (A1-15)
(r+p) +z
From Eq.(A1-15) we get
3 3
IK_Kk_K_x (Al-163)
or 2r 4r 4p
oK K’
— = (Al-16b)
0z 4rp

Eqs. (Al-14a), (A1-14b), (Al-16a), (A1-16b) are used to derive Egs. (6.1-8a) and
(6.1-8b) from Eq. (6.1-7).
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Appendix 2 : Two problems involving the logarithmic
divergence

Here we shall discuss two different problems, (i) calculation of self-inductance
of a thin circular loop, and (ii) evaluation of radial magnetic field just above or below a
circular current loop. The reason for dealing with these two problems together is that
the same mathematical manipulation required for the logarithmically diverging complete
elliptic integral of the first kind, K(k), occurs in both these problems.

As described in Eq. (A1-6) and Ref, K(k) diverges logarithmically as k
approaches unity. We rewrite (A1-3a) as

zl2 -172
K= j(l—ksin2 e) de
0

nl2—¢, -1/2 712 -1/2
= j(l —ksin?0)  d6+ j(l—ksin2 9) de
0 7l2—¢g
=1 +1, (A2-1)

where 1-k << @, <<1. We have decomposed the integral into two parts so that the
diverging part (/,), that occurs near /2, has been separated from the nondiverging part

(I) in the limit k — 1. In both cases we make the following change of variables,

o=m/2-6. (A2-2)
The first part is given by,
nl2
. . do
limI; = lim
k=1 k—1 ‘I;[) ,/1 — kcos? ¢
nl2
= Jcsc odo
%o
= ln[tan E] - ln[tan ﬂo—j
— _anQ_
2 (A2-3)



The second part is given by

lim I, = lim I

k—1 k—1 1[1 kcos

= 11m
k—)l ’

=lim— [ 01 )
k—1

2¢0
1-%

=In

Combining Egs (A2-3) and (A2-4), we get

2¢, P 4
K(k) =1 &
NmK(k) =In 7=~ In-=ln 7=

Problem 1 : Self-inductance of a thin loop
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(A2-4)

(A2-5)

We shall now find an expression for the self-inductance of a thin loop of width

w, and radius a , shown in Fig. (A2-1). The self-inductance (L) is given by the mutual

inducatance of two rings with radii @ and b = a—w/2. From (A1-13) we get,

L=M,, = 2uoa|K(v"/a*)- E(v*/a*)].

Since w<< b,a,

k=(b/a) =(1-w/2a)’ > 1

Combining Egs. (A2-5), (A1-7), and (A2-6), we get!

1This expression is similar to the one given in [39], but contains the next higher order term.

(A2-6)

(A2-7)



L=2u,a|1 4 -1
.an|: n[\/l —(1-w/2a) \]

= toa[In(16a/w)-2]
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(A2-8)

Figure A2.1 A thin loop of width w and radius a. The self-inductance of the

loop is calculated in the limit w << a.

A better approximation can be obtained by using Eq. (A1-9) instead of Eq. (Al-
13) for the expression of mutual inductance, since the value of  in that equation will be

closer to unity.
L=M,, =pig(a+b)(1-k/2)K - E|,

4ab l-w/2a

where k= 7 = 7
(a+b)* (1-w/4a)
j4a_ Y
and therefore, 1-k= [ wiza J = (w/4a)2
1-w/da

Combining Egs. (A2-5), (A1-7), (A2-9), (A2-10), and (A2-11), we get

4
L=py(2a- w/2)[1n[ (W/M)] - 1]
= to(a—w/4)In(16a/w)-2]

(A2-9)

(A2-10)

(A2-11)

(A2-12)
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Problem 2 : Radial field near a thin current loop

For a circular current loop of radius p carrying a current / (Fig. 6.1.2), the

radial field is given by Eq. (6.1-7a) as

' 2,.2,.2
B,(r,9.2)= Holz —k(+E T Eol, (A213)
27zr\/(r+p)2+z2 p—r) +z
wherek=——4r§)—2.
(r+p) +z

B, changes sign at the plane of the loop (z = 0) and is positive above the loop (z > 0).
The radial field is strong only when we are very close to the loop (r = p, and z << p).

The parameter k in Eq. (A2-13) for r=pis

2
=%—>1. (A2-14)
4p°+z

Combining Egs. (A2-13), (A1-7), (A2-5) and (A2-14), we get

2 2, .2
B = “012 _{-In 4/1/1- o |42tz
27tp\/4p +z 4p" +2 v4
2
47tp2{n(2/ p) 2
_ ol '
nz (A2-15)

B, falls off as 1/z in the near-field close to the loop, since the logarithmic term diverges
much more slowly than the 1/ z* term. For a superconducting disk modeled with
azimuthal screening-current loops the effect will be somewhat smeared. At a point (7, ¢,
z << p) the primary contribution to B, will be from the current loop directly below it.
Since our model takes loops of width w and treats them as thin, the discretization needs
to be fine (w = R/n of the same order as thickness d) for an accurate evaluation of the
self radial field discussed in section 6.3.1.
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Appendix 3 : MATLAB Programs

We start with the calculation of the static current and field distributions
assuming J. is independent of B (comparison_Mik.m). The fluxmotion in one and two-
film configurations are calculated with fluxmotion.m and fluxmotion_2.m respectively;
only the latter in included. This is followed by one of the many similar programs for
calculation of the simulated voltage pulse (circuit_modl.m). Other variations
(circuit_mod2.m — circuit_mod5.m) of this program calculate different voltage pulses
for a set of critical current densities or field dependent current distribution (this uses the
function Jc_B2.m or one similar to that), response in the flux flow regime and so on.
Other variations compute the volume coefficient (circuit_vol.m) and extracted energy
(circuit_fracE.m). Those are not included in this appendix. The self radial field (section
6.3.1) is calculated (radial.m) using a differential component of the surface current
distribution. There are a number of functions that are used in these programs and are
also included.

A3.1 comparison_Mik.m

% Comparison of current distribution limited by the critical

% current density in a superconducting film by our method

% with that of Mikheenko and Kuzovley

%o

je=5ell; % critical current density

t=0.5e-6; % thickness

isc=jc*t; % surface critical current
radius=5e-3; % radius of disk

n=100; % # of rings

mu=4*pi*le-7;

drj=radius/n; % discrete intervals in radial direction
rj=drj:drj:radius; % locations of I loops
mj=drj.drj:(2*radius);

ri=rrj-drj/2; % locations of field/potential evaluation
x=(rj-drj)/radius; % Mikheenko

% calculate the bz(i,j)s such that B(i)=b(i,j)I(j)

for j=1:n



for i=1:2*n
ki=(rj())*ri(i)*4)/ (()+rii))*2; % ki=k*2=m (elliptic)
coeff=(drj*muw/2/piy*(g(yn()+1);
[ellk,elle]=ellipke(ki);
a_sup(i,j)=coeff*((1-ki/2)*ellk-elle),
coeff1=(drj*mu/2/pi )/ (rj(j)+ri(i));
coeff2=(rj(j )+ (rj()-ri());
bz(i,j)=coeff1*(ellk+elle*coeff2);
end
end
bz_sub=bz(1:n,:);
a=a_sup(l:n,:);

% solve the matrix equation bz.I=Q, where bz is the coefficient
% matrix and I and Q are I and bound. cond column vector
% and Bz=0 inside the disk Bz(i)=bz(i,j)I(j)=0

Bext=-0.2;

Q=linspace(-Bext,-Bext,n);

Is_deep=inv(bz_sub)*Q’; % surface current
plot(rj*1000,Is_deep','y")

hold on

% Mikheenko and Kuzovlev's flux free surface current density

Is_mik=(-Bext*4/pi/mu)*x./sqrt(1-x.A2);
plot(rj*1000,Is_mik',"y--")
hold off

% Compute modified Is distribution so that Is in any ring
% is limited to Isc, the critical surface current.

m=n;

% critical_sum is the field due to the outer rings at Ic, for modification
% of Q. Q will be called q as its size diminishes with each iteration

% bzsmall is the corresponding submatrix of bz.

critical_sum=linspace(0,0,n);
while Is_deep(m) > isc

Is_deep(m) = isc; % limit Is to isc

m=m-1;
if m==0, break, end
bzsmall=bz(1:m,1:m);
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p=isc.*bz(1:m,m+1);
critical_sum=critical_sum(1:m)+p";
q=Q(1:m)-critical_sum;
cur=inv(bzsmall)*q';
clear bzsmall;
clear q;
Is_deep(1:m)=cur;

end

% Mikheenko's jc-limited current distribution

Hc=isc/2; % screened field
a=1/cosh(Bext/Hc/mu); % a*radius=radius of flux-free region
for j=1:n
if 1j(§) > a*radius
Is_mik(j)=isc;
else
Is_mik(j)=(isc*2/pi)*atan(x(j)*sqrt((1-a*2)/(a*2-x(j)*2)));
end
end
plot(rj*1000,Is_deep','w")
hold on
plot(rj*1000,Is_mik’,'T")
hold off
title('Comparison of Mikheenko result with ours (Jc=5¢7 A/cm?2, t=le-6 m')
xlabel('radial distance from center (mm)')
ylabel('surface current density I (A/m)’)

% calculation of field by our method (Bz_deep)
Bz_deep=bz*Is_deep+Bext;

% calculation of field by Mik's method (Bz_mik)
Bz_mik=bz*Is_mik'+Bext;

plot(ri*1000,Bz_deep,'w")

hold on

plot(ri*1000,Bz_mik,'r")

hold off

xlabel('radial distance from center (mm)’)
ylabel('magnetic field B (T)")

title('Comparison of Mikheenko result with ours’)
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A3.2 fluxmotion_2.m

% M-file to compute the time evolution of magnetic field

% and current distribution, for two identical films.

% It first calculates the surface current distribution

% for a given critical current density and then evolves

% the current distribution using the relation dA/dt=-rho*]J.
je=5ell; % critical current density
t=0.5e-6; % thickness

isc=jc*t; % surface critical current
radius=5e-3; % radius of disk

n=25; % # of rings
mu=4*pi*le-7;

drj=radius/n; % discrete intervals in radial direction
rj=drj:drj:radius; % locations of I loops

rrj=drj:drj:(2*radius);

ri=rtj-drj/2; % locations of field/potential evaluation

z=0:0.5e-3:2e-3;
nz=5;

% calculate a_sup and bz matrices
% such that A(i)=a(ij)Is(j) and Bz(i)=bz(ij)Is(j)

fori=1:2*n
for j=1:n
Ki_1=(j G*ri) * ) () +ri)2;
ki_2=(j(§)*ri(i)*4)/((fj())+1i(1))*2+2(nz)"2);
coeffal=(drj*mw/2/pi)*(j(§Hmi@)+1);
coeffa2=(drj*mu/pi)*sqri(rj (i)/ri(i)/ldx_2);
coeff1=(drj*mw/2/pi )/(rj()+ri(i));
coeff2=(rj()+ri())(rj()-ri(1));
coeff3=(drj*muw/2/pi)/sqre((rj()+ri(i) 2+z(nz)*2);
coeffA=(rj(j)"2-ri(i)"2-2(n2) 2)((rj(j)-ri()) 2+z(nz)"2);
[ellk1,ellel]=ellipke(ki_1);
[ellk2,elle2]=ellipke(ki_2);
al(i,j)=coeffal *((1-ki_1/2)*ellk1-ellel);
a2(i,j)=coeffa2*((1-ki_2/2)*ellk2-elle2);
a_sup(i,j)=al (i,j)}+a2(.));
bz1(i,j)=coeffl *(ellk1+elle1*coeff2),
bz2(i,j)=coeff3 *(ellk2+elle2 *coeffd);
bz(i,j)=bz1(i,j)+bz2(i,j);
end
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bz_sub=bz(1:n,);
a=a_sup(l:n,:);

% solve the matrix equation bz.I=Q, where bz is the coefficient
% matrix and I and Q are I and bound. cond column vector
% and Bz=0 inside the disk Bz(i)=bz(i,))I(j)=0

Bext=-0.2;
Q=linspace(-Bext,-Bext,n);
Is=inv(bz_sub)*Q’; % surface current

% Calculate the field, B(i,}) at i and due to the
% computed Is distribution at j

Bz=bz*Is+Bext;

% For plotting play with the following commented lines
Yoplot(ri(1:n)*1000,B")

Yoprint

%plot(rj*1000,I)

Yohold on

Joprint

% Compute modified Is distribution so that Is in any ring
% is limited to Isc, the critical surface current.

m=n,

% critical_sum is the field due to the outer ripgs at Ic, for modification
% of Q. Q will be called q as its size diminishes with each iteration

% bzsmall is the corresponding submatrix of bz.

critical_sum=linspace(0,0,n);
while Is(m) > isc

Is(m) = isc; % limit Is to isc

m=m-1;
if m==0, break, end
bzsmall=bz(1:m,1:m);
p=isc.*bz(1:m,m+1);
critical_sum=critical_sum(1:m)+p’;
q=Q(1:m)-critical _sum;
cur=inv(bzsmall)*q’;
clear bzsmall;
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clear q;
Is(1:m)=cur;
Joplot(rj*1000,I"
Bz=bz*Is+Bext;
end
Joprint
Johold off
A=a*]s;
plot(rj*1000,Is','w")
oplot(ri*1000,Bz’','w")
title("Time evolution of magnetic field as flux diffuses (Jc=5e¢7 A/cm”*2')
xlabel('radial distance(mm)’)
ylabel('Bz(r,t) in T')
hold on
% print

%% For 3_D plots un-comment %% lines
%%columns=linspace(0,0,25);

% %erows=linspace(0,0,50);
%%B_rt=rows'*columns,

%%B_rt(:,1)=B;

%
fori=1:n
for j=1:n
ki_mid=(rj()*ri())*4)/((1j§)+i())"2+2((nz+1)/2)"2);
coeff5=(drj*mu/2/pi)/sqrt((rj(j+ri(i)) 2 +z((nz+1)/2)"2);
coeffo=(rj(§)*2-ri(i)*2-z((nz+1)/2)"/N((j(§)-ri()) 2+z((nz+1)/2)*2);
[ellk,elle]=ellipkegki_mid);
bz_center(i,j)=2*coeff5*(ellk+elle* coeff6);
end
end
% Time evolution of current, vector potential and field after it goes normal

% For total current un-comment %* lines

%* 1_total=linspace(0,0,500);

dt=le-11; % Time interval

sheetres=1; % sheet resistance is 1 ohm
flux=linspace(0,0,600);

Energy=linspace(0,0,600);

Reff=linspace(0,0,600);

for i=1:600



A=A-(dt*sheetres).*Is;

Is=inv(a)*A;

Bz=bz*Is+Bext;

Bz_center=bz_center*Is+Bext;
flux(i)=-(2*pi*dr))*(ri(1:n)*(bz_sub*Is+Bext));

%% if floor(i/20)*20==i
%% B_rt(:,(i/20))=B;

%% end
if i<=10
if floor(i/10)*10==i
plot(rj*1000,Is','w")
oplot(ri*1000,Bz’,'w")
end

elseif i<=100
if floor(i/50)*50=i
plot(rj*1000,Is','w")
Joplot(ri*1000,Bz','w")
end
else
if floor(i/200)*200==i
plot(rj*1000,Is','w")
oplot(ri*1000,Bz','w")

end

end

hold off
time=dt*(1:1:600),
oplot(time* 1e9,flux)
PDtitle('Flux diffusion in the film (Jc=5¢7 A/cm”2) ")
9oxlabel('time(ns)")

Joylabel('Flux (Wb)")

%o*plot(time*1e9,1_total)

%0 %otime=dt*(20:20:500)
%%mesh(time*1e9,ri*1000,B_rt)

%

% normalized flux=flux/(pi.r*2.B)

%

norm_flux_2=flux/(pi*radius"2*abs(Bext));
osubplot(2,1,1)

Yoplot(time*1e9,norm_flux_2,'w")

%title('Normalized Flux in the film (Jc=5e7 A/cm”2) )
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%xlabel('time(ns)")

9oylabel('normalized flux')

V=diff(flux)/dt;

JeE=dt*sum(V."2)

osubplot(2,1,2)

%oplot(time(2:500)*1e9,V)

%title('Transient voltage due to flux diffusion (Jc=5¢7 A/cm”2)")
%oxlabel('time(ns)")

%oylabel('Voltage (V)')

A3.3 circuit_modl.m

% M-File to calculate the output current for the inductive switch
% Version2

% Note for Deep : This is the basic program

%o If you need to make changes use this as a reference but
% leave this one unchanged

% Calculate Jc-limited current distribution (See Jc_B.m)

Jc_B

sheetres=1;

b=4e-3; % radius of output coil

Rout=50;

% Initial current distribution (Static)

Tout(1)=0;

is(n+1:2*n)=is(1:n); N
is(2*n+1)=Iout(1);

isO=is;

% In the plane of the film the argument of the elliptic

% functions is called kf, the one between the film1 and

% output coil is called kz1, the one between film2 and output

% coil is called kz2. If output coil is centrally placed

% kz1=kz2=kz. The argument for cross coupling between the films
% is called kc. The distance between the films is 2z.

z=c/2;
kz=((4*b).*r)./((r+b).A2+z"2);
kemain=(r.*2)./(r.A2+2"2),
kf=(4.*q.*r)./(14+q)."2;
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[ellkz ellez]=ellipke(kz);
[eltkem,ellecm]=ellipke(kcmain);
[ellkf ellef]=ellipke(kf);

% Construct the LM matrix for each film plane

L=mu *(r+q).*((1-kf/2).*ellkf-ellef); % Inductance of film_rings
% plot(r,L)
Al=diag(L),
for j=1:n-1
fori=1:n-j
Ki=(r(i)/r(+j))"2;
[elki,ellei]=ellipke(ki);
M(i)=2*mu*r(i+j)*(ellki-ellei);
end
Al=Al+diagM,j)+diag(M,-});
clear M;
end

% Calculate the coupling between two films

main_diag=(2*mu).*sqrt(r.*2+z"2).*((1-kcmain/2).*ellkcm-ellecm);
A3=diag(main_diag);
for j=1:n-1
fori=1:n-j
ke=A*r(i)*r(i+)/((x(i)+r(i+))) 2+4*2"2);
[elikc,ellec]=ellipke(kc);
M3()=mu*(r(i)+r(i+j))*((1-kc/2)*ellkc-ellec);
end
A3=A3+diag(M3,j)+diag(M3,-j);
clear M3;
end
A(l:n,l:n)=Al;
A(n+1:2*n,1:n)=A3;
A(1:n,n+1:2*n)=A3;
A(n+1:2*n,n+1:2*n)=A1l;
A(2*n+1,1:n)=(2*mu).*sqrt(r.*b./kz).*((1-kz./2). *ellkz-ellez);
A(1:n,2*n+1)=A(n+1,1:n)’;
A(2*n+1,n+1:2*n)=A(2*n+1,1:n);
A(n+1:2*n,2*n+1)=A(1:n,2*n+1);
A(2*n+1,2*%n+1)=mu*(b-dr/4)*(log(16*b/dr)-2);
V=eig(inv(A));



R(1:n)=(2*pi*sheetres/dr).*r;
R(n+1:2*n)=R(1:n);
R(2*n+1)=Rout;
B=diag(R,0);

Tout(1)=is0(2*n+1)*dr;

In(1)=isO(n)*dr;

I1(1)=isO(1)*dr;

dt=0.5¢-9;

m=40;

time=0:dt:dt*m;

energy=0;

I=1s0*dr; % current I is surface current X width

fori=1:m
I=expm(-inv(A)*B*dt)*I;
power=R.*['.~2;
energy=energy+power.*dt;
oplot(r*1000,1(1:n)")
Iout(i+1)=1(2*n+1);
In(i+1)=I(n);
I1G+1)=I(1);

end

energy_film=sum(energy)-energy(2*n+1);
energy_out=energy(2*n+1);
fraction=energy_out/sum(energy);
total_energy=sum(energy);
Vout=Iout*Rout;
%oplot(Rout,fraction)
%title('Fractional output energy as a function of output resistance')
Yoxlabel('Output resistance (ohms))
%ylabel('fraction of energy in the output coil’)
plot(time*1e9,Vout,'w')
hold on
oplot(time* 1e9,In,'r")
Yoplot(time*1e9,11,'g")
title('Time evolution of currents in the film and secondary coil’)
xlabel('time (ns)')
ylabel('Secondary Voltage (V)"
Yotext(20,800,'# of rings=25")
P%text(20,700,'Rout=1 ohm')
%otext(20,600,Jc=Te8 A/cm”2')
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%eend
hold off
flux=sum(Vout)*dt

A3.4 radial.m

% Calculates the self radial field due to a differential surface current component (section 6.3.1)

mu=4*pi*le-7;
jeco=5ell;
Bzext=-0.5;
thick=0.5e-6;
n=25;
radius=5e-3;
dr=radius/n;
r=dr:dr:radius;
g=r-dr/2;
Pq(1)=r(1)-dr/4;
c=2e-3;
isco=jco*thick;
isc=isco*ones(n,1);

Q=-Bzext*ones(n,1);
% get the bz coefficients for calculation of surface current Is

bz=bzcoeff2(Bzext,n,r,q,dr.c);
Is=inv(bz)*Q;

% Plot zero-flux current distribution ,
plot(r*1000,Is','r")
% Find jc-limited current distribution

Is=jclim(n,radius,Bzext,isc,bz);
Jols=isc

plot(r*1000,Is")

Joaxis([0 5 0 3e5])

%xlabel('r (mm)')
Jeylabel('Ts(A/m)')

hold on

br=brcoeff1(n,r,dr,c);

Br=br*Is;



Foplot(q*1000,Br',y')

% Self radial field of a thick disk (section 6.3.1)
% Differential current distribution is Isd

occexp=1:1:7;

Yocc=10."-ccexp);

Yofor 1=1:7

% brce=brcoeff1(n,r,dr,cc(i));
Y% Bree=brcc*s;

% s(i)=sum(Brcc);

Yoend

%semilogx(cc,s,'T")

brd=brcoeff1(n,r,dr,2*dr);
Isd=0.5*inv(brd)*br*Is;
plot(r*1000,Isd",'w")

A3.5 bzcoeff2.m
function [bz] = bzcoeff2(Bzext,n,r,q,dr,c)

% Calculates bz coefficients for two superconducting disks
% Bzext= Ext. Field in T (Negative) (e.g -0.5)

% n = # of rings (e.g. 25)

% radius = radius of film in m (0.5e-3)

% ¢ = Distance between films in m (2e-3)

mu=4*pi*le-7;

% Calculate the current distribution required for complete flux
%o exclusion for an applied external field Bext

for i=1:n

for j=1:n

ki_1=(r(G)*qG)y*H/(r(G)+q(i)"2;

ki_2=(r(j)*q(y*H((GHqI)2+c"2);
coeff1=(dr*mu/2/pi)/(r(§)+q(i));
coeff2=(r(H+qN/(rG)-q());
coeff3=(dr*muw/2/pi)/sqrt((r(j)+q(i)*2+c"2);
CoeffA=(r(j) 2g(iY 2- TG0 2+c"2);
[ellk1,ellel)=ellipke(ki_1);
[ellk2,elle2]=ellipke(ki_2);
bz(i,j)=coeff1*(ellk 1 +elle1*coeff2 )+coeff3 *(ellk2+elle2 *coeff4);

end

201



end

A3.6 brcoeffl.m
function [br] = brcoeff1(n,r.dr,c)

% Calculates br coeffs for one superconducting disk at z=c
% n = # of rings (e.g. 25)

% radius = radius of film in m (0.5e-3)

% ¢ = Vertical distance at which Br is calculated m (2e-3)

mu=4*pi*le-7,;

%
fori=1:n
for j=1:n
k=(r(G)*r()*H/A(@GH(1)) 2+c"2),
coeffrl=(c*dr*mw/2/pi)/r(i)/sqrt((r(j)+r(i)) 2+c"2);
Coetfr2=(r( Y 24r() 2+ 2V((FG)r()) 2+c2);
[ellk,elle]=ellipke(k);
br(i,j)=coeffr1 *(-ellk+elle*coeffr2);
end
end

A3.7 Je_B2.m

% Calculation of critical current limited current and
% field distributions when Jc is a function of B
% JeB)=Jc(0YN(1-B/Bc)

mu=4*pi*le-7; s
jco=5ell;
Bzext=-0.2;
thick=0.5¢-6;

n=25;

radius=5e-3;
dr=radius/n;
r=dr.dr:radius;
q=r-dr/2;
q(1)=r(1)-dr/4;
c=2e-3;
isco=jco*thick;
isc=isco*ones(n,1);
%
Q=-Bzext*ones(n,1);
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% get the bz coefficients for calculation of surface current is

bz=bzcoeff2(Bzext,n,r,q,dr,c);
is=inv(bz)*Q;

% Plot zerflux current distribution

Joplot(r,is','r")
%hold on

% Find jc-limited current distribution

is=jclim(n,radius,Bzext,isc,bz);
%oplot(r*1000,is’,'w")

Poaxis([0 5 0 3e5])

xlabel('r (mm)')
oylabel('Surface Current (A/m)')
Bz=bz*is(1:n)+Bzext;
%plot(q*1000,Bz','w")

xlabel('r (mm)')

hold on
Ba=0.1;
Bc=10;
diff=1;
index=0;
while diff > le-6
m=n; .
while abs(Bz(m)) > Ba
isc(m)=isco™((Bc-abs(Bz(m)))/(Bc-Ba));
if m==0, break, end
m=m-1;
end
is_new=jclim(n,radius,Bzext,isc,bz);
Bz_new=bz*is_new+Bzext;
diff=sum((Bz_new-Bz).~2);
index=index+1;
Bz=Bz_new;
end

%oplot(r*1000,is_new','w")
%plot(q*1000,Bz','w")
hold off
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Appendix 4 : The laser system

In this appendix the laser system used in our experiments will be briefly
described. The laser system consists of a Quantronix Nd:YAG oscillator, a Spectra
Physics regenerative amplifier, a flashlamp pumped Nd:YAG amplifier, three Pockels
cells, and several optical components like polarizers, waveplates, lenses and mirrors.
With two stages of amplification, 100-200 ps laser pulses of wavelength 1064 nm and
energy up to 30 mJ are produced. There is a streak camera set-up for the measurement
of pulse width of the laser. The spatial profile of the laser beam is measured by
scanning a razor blade across the beam and measuring its energy with an energy meter.
We briefly describe the various components of the system below. The final section of
this appendix is reserved for calculation of laser beam profile and the fraction of laser

energy absorbed by rectangular and circular illuminated regions.
A4.1 Oscillator

The oscillator has a cw-pumped Nd:Y AG laser head (Quantronix 114) and an
acousto-optic mode locker (Quantronix 302). The mode-locker supplies 10 W of rf
power at 50 MHz. The oscillator output is a train of 20 nJ pulses of width 100-200 ps,
separated by 10 ns. The pulse train is monitored by displaying the signal from a
photodiode on an oscilloscope. The oscillator output is launched into a single-mode
optical fiber using a microscope objective. The objective and the fiber-holder are
mounted on an alignment stage. On the other end of the fiber, two crossed polarizers on
either side of a Pockels cell2 (PC 1) are used to select one pulse out of the oscillator
pulse train (Fig. A4.1-1). The optical fiber does not preserve polarization. The first
polarizer linearly polarizes the pulse train. The Pockels Cell rotates the polarization by
90° for a time window, short enough to allow only one pulse. That pulse now goes
through the cross polarizer while all others are rejected. This arrangement also protects
optical feedback through the fiber which would otherwise adversely affect the oscillator
stability.

2 A Pockels cell is an electro-optic crystal that changes the polarization as a function of applied electric

field. Therefore by applying a suitable voltage pulse it can be used to change the polarization of light.
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Figure A4.1.1 The laser system. One pulse from the oscillator pulse train is
injected into the regenerative amplifier and is amplified again by a passive amplifier.
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A4.2 Regenerative Amplifier

The regenerative amplifier is used to increase the energy of the laser pulse by
trapping it in a cavity and forcing it to pass through a flashlamp pumped YAG rod
several times before dumping it out. This is achieved by injecting the pulse into the

laser cavity through a Brewster plate polarizer and changing the voltage across the
Pockels cell (PC 2).

The quarter-wave plate turns the polarization by 45°. If no voltage is applied
across PC 2 (Fig. A4.2.1(a)) the linearly polarized light pulse is rotated twice by the
quarter-wave plate before and after reflection at the end mirror. Since the polarization is
rotated by 90° it now passes through the two Brewster polarizers3 and is reflected by
the curved end mirror on the other end. It is again rotated by the quarter wave plate
twice and is reflected out of the cavity. If a quarter-wave voltage is applied across PC
2, it will rotate the polarization by 45°. In that situation an incoming pulse will rotate by
90° each by the wave plate and the Pockels cell (Fig. A4.2.1(b)) and will be reflected
out before it can pass through the amplifier. However, if there is a pulse already present
in the cavity it will undergo a rotation by 180° in each round trip and will continue to be
trapped in the cavity (Fig. A4.2.1(c)). If a half-wave voltage is applied across PC 2, it
will rotate the polarization by 90°. The pulse trapped in the cavity will now undergo a
rotation by 270" (45° by the wave plate and 90° by the Pockels cell in either direction).
It will therefore be reflected out by the Brewster plate (Fig. A4.2.1(d)). Therefore a
sudden increase of voltage across the Pockels cell from the quarter-wave value to the
half-wave value can be used to dumi) a trapped pulse out of the laser cavity. This is
called cavity dumping.

The regenerative amplifier is a Q-switched laser. The injected pulse is amplified
according to the Q-switch gain profile. Usually the pulse is dumped out at the
maximum gain. However sometimes for better stability a gain slightly less than the
maximum is chosen. Due to the birefringence of the YAG rod, the regenerative
amplifier produces a series of pre-pulses before the main pulse. These pre-pulses are
separated by the cavity transit time of 12 ns. Another Pockels cell (PC 3) with crossed

3 Two polarizers are used to compensate for the path shift due to refraction (Fig. A4-1).
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polarizers on either side is used to reject these pre-pulses. Usually a ratio of 10000 :1
between the main pulse and the largest pre-pulse is considered acceptable. The
regenerative amplifier produces 250 [ pulses with a repetitition rate up to a few kHz.
For the photoresistive switch experiment (chapter 3) this was used without any further
amplification. However, for the inductive switch since the whole switch needs to be
illuminated (area = 1cm2) we require more laser energy. This was done using another
amplifier.
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(¢) Quarter-wave voltage across PC, traps a pulse already present in the cavity. (d)

Half-wave voltage across PC dumps the amplified pulse out. QW is a quarter-wave
plate.



209

A4.3 High Power Amplifier

A Nd:YAG rod pumped by a high power flashlamp was used as an amplifier.
The output of the regenerative amplifier is passed through this rod twice. The double
pass amplification can be more than 100. Up to 30 mJ pulses have been measured.
However, the repetition rate is limited to less than 4 Hz. A careful alignment is
necessary to reduce the ellipticity of the amplified beam.

A4.4 Laser beam profile

It is important to know the spatial profile of the laser beam. The fundamental
mode has a Gaussian profile. The energy per pulse is measured with a Molectron
energy meter. To check the laser profile we scan a razor blade across the beam while
measuring the laser energy. If the beam is circular the enegy density or fluence as a
function of radius can be expressed as,

d7=—%2exp(—r2/202)dr; r2=x2+y2. (A4-1)
2no
7
W
c
7
Figure A4.4.1 Laser beam profile is measured by scanning with a razor blade.

So the measured energy for a position of the razor blade is

) T 2/n 2 A
E=— _Iexp( x2[26%)dr. (A4.4-2)

o)

Therefore the Gaussian profile and parameters like full-width-at-half-maximum
(FWHM) can be extracted from E(x) measurement. It is then used to determine the right

beam profile for illuminating the sample. For example, we want the laser energy to be



210

enough to elevate the temperature of a 1 cm diameter, 500 nm thick YBCO film for the
inductive switch experiment above T.. We also want the illumination to be as uniform
as possible. Therefore, for given values of initial temperature of the sample we can
compute the range of acceptable laser profiles. Typically the FWHM of the beam
should be around 8 mm for best uniformity. Although flux motion will take place even
if the temperature of the inductive switch is not elevated above T¢?, it will be faster if
the heating is rapid. Typically 10 mJ of energy for each film is the maximum that we
have used. Only a fraction of this is actually absorbed by the film.

Let us consider the case when the laser shines on a circular disk of radius R. Let
the fluence be,

F=—20 ~exp(-r/20%). (A4.4-3)
210

The energy contained in a circular area of radius R is given by,

E(R) = 5

2702

N
o'_ba

R
[exp(-r*/20%yrdrde. (A4.4-4)
0

This integration can be done by substituting ¢t = r / 207,
E(R) = Eo[1 - exp(-R*/267)] (A4.4-5)
It should be noted that the standard deyiation (o) is related to FWHM (D) as,

D=22In20=2.35480. (A4.4-6)

From Eq. (A4.4-5) when R — oo, £="F,. At the other limit, small R

R’ {2 2
E=Ts 755 (=R?). (A4.4-7)

When the laser illuminates a rectangular switch the solution can not be found
analytically. For the photoresistive switch the geometry is rectangular with high aspect

4see section 6.6
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ratio. Therefore, a cylindrical lens was used to make the beam highly elliptical. The
beam parameter (FWHM or equivalently 6) was again found by scanning razor blades

along the directions of major (x) and minor (y) axes of the ellipse. The energy in the
illuminated region can be calculated from this parameter.

%

< Oy >
Ay/2

N

—

-Ax/ 0

A2 —P
\/

N

—Ay/2

Figure A4.4.2 Measurement of laser beam profile for an elliptical beam.

The measurement of the beam profile found the 10% and 90% points on either

axis. Let us say that when scanned parallel to the y-axis, the 10% and 90% points on
the x-axis were —Ax/2 and Ax/2 respectively (Fig. A4.4.2). Therefore,

oo -Ax/2
J exp(—y2/20'§ )dy Jexp(—xz/ZO')%)dx

—Ax/2

271:0X _.[nexp(—xz/ZO'i)dx

1
2mo,0,

0.1 , (Ad4.4-8)

o0 Ax/2
J exp(—yz/ZGyz)dy Jexp(—xz/Zaf)dx

Ax/2

= 270, Jexp(—xz/Zog)dx

2no,0,

—00

—00

and 0.9 . (A4.4-9)
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Using Table 26.1 of Handbook of Mathematical Functions by Abramowitz and
Stegun[129],

Ax/206, =0.84, or Ax/1.68 = 7. (A4.4-10)

If —Ay/2 and Ay/2 are the 10% and 90% points on the y-axis when the razor is

scanned parallel to the x-axis, we obtain
Ay/1.68 = Oy. (A4.4-11)

Now the beam of energy %, illuminates a rectangular switch. The energy contained in a

rectangular region of length I and width w is

1?2 w/2

1 1

fE(l, W) = TO Tro JCXP(—x2/263)dX][mG Jexp(_y2/2o,§)dy . (A44_12)
* 112 Y —-w/2

The values of these integrals are found in standard tables.
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Appendix 5 : Operation of the superconducting magnet and
the magnet cryostat

AS5.1 The magnet

A large American Magnetics superconducting magnet was used in our high-field
inductive switch experiments (sections 5.3 and 5.4).5 The magnet consists of a Nb-Ti
solenoid surrounded by two temperature shields cooled by a closed-cycle helium
refrigerator (Fig. 5.3.2.1). The magnet has an 18 in. long horizontal warm bore of 5
in. diameter. The solenoid is 12 in. long. The magnetic field is measured to be constant
in a 1 cubic inch volume at the center of the magnet. It varies up to 10% within 3-4
inches, along the axis of the magnet, from the center in either direction. It falls off
rapidly to 1% of the central field just outside the warm bore. The central field was
measured while ramping up the magnet current. It was initially increasing linearly at
the rate 0.04 T/A but changed slope above 1T field. This is due to the saturation of the
longitudinal Hall probe. However, the field at a point just outside the warm bore was
used to calibrate the central field and was found to rise linearly with increasing current
up to 100 A. The magnet is rated at a maximum field of 4 T at 100 A.

The magnet has a persistent switch. This consists of a superconducting (the
same material as the magnet) shunt and a heater. The switch is opened by sending a
constant current (60 mA) through the heater, driving the persistent swith normal. This
allows the magnet to be connected to an external source and be charged or discharged.

Most of the peripheral components were initially missing and had to be
reinstalled as we describe below.

1) Expander assembly: The refrigerator consists of a compressor that is
connected to a two-stage expander assembly. The expander housing has two
cold stages that cool the two shields. The expander housing is permanently
installed with the magnet dewar and cannot be replaced. We purchased a DE-

5 This is one of the two identical magnets built in 1976 and left unused for 15 years since 1978. The

second magnet has a bent expander housing and cannot be used.
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3)

4)

5)

6)
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202 cold stage from APD Cryogenics, that was compatible with the original
design and removed the expander from its housing and mounted it inside the
previously installed housing. This is extremely tricky and requires a special tool
kit . Care must be taken to avoid leakage of the pressurized helium gas (ultra
pure carrier grade). If a leak occurs, the standard cleaning procedure should be
followed. This involves purging the system repetitively (about 10 times) at 100
psi followed by another decontamination run by pressurizing to 240-245 psi
(the operating pressure) and running the motor (about 5 times for 2 minutes
each). The pressure should go up to 300-320 psi while the compressor is
running.

Current leads: Two 100 A vapor cooled current leads were purchased from
American Magnetics. These leads consist of a thick copper lead encased in a
fluted stainless steel cylinder. The current leads fit into cups that are connected
to the solenoid.

Liquid helium fill line: This is a hollow stainless steel cylinder, also
purchased from American Magnetics, with an inside diameter of 0.25 in. The
standard helium transfer line fits into this fill line. The fill line has a screw
thread at the bottom and connects to an internal fill line, that leads the cryogen to
the bottom of the helium chamber.

Current Source: A 100 A, 10 V variable dc current source was used to
charge the magnet. The source can be programmed by applying a voltage to the
control board. Two 100A copper cables are connected with copper screws and
washers to the current source at one end and the magnet leads on the other.

Energy Absorber: The energy absorber is a resistive current limiter (section
2.3.1). It is placed in series between the current source and the magnet leads. In
case the magnet quenches, the stored energy is dumped into this absorber. The
energy absorber allows current flow in only one direction. The easiest way to
reverse magnetic field is by interchanging the cables, connecting the absorber
and the vapor-cooled leads, at the leads.

Current source programmer: An American magnetics programmer (Model

411) controls the current ramp rate during the charge-discharge cycles and
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monitors the voltage across the magnet. While charging or discharging the
V = Ldl/dt voltage should not exceed 5V. If the voltage limit is exceeded the
indicator light goes on and the magnet might quench. The ramp rate and the
maximum current can be set to ensure safe operation. The ramp rate should not
exceed 0.1 A/s. The programmer sends a voltage signal to the current source
and senses the current at the energy absorber.

Helium fill meter: Helium fill sensor consisting of a tantalum wire is
installed inside the magnet. This wire goes superconducting near the boiling
point of helium (4.2 K) and the fill level in the magnet chamber is measured by
measuring the resistance of this wire. The fill meter ideally makes a four-point
resistance measurement. However, one of the contacts is broken inside and
cannot be repaired, thus allowing a three point measurement only.

Temperature sensors: There are two temperature sensors, one on each shield,
and each is read on an analog meter. The meter requires a 9-V battery.

9) Top flange: A specially made flange is equipped with a couple of Teflon

feedthoughs for the current leads and an o-ring seal for the liquid fill line. Two
radiation baffles (copper coated G-10™) are attached to the flange to minimize
heat loss.

The magnet operating procedure is described below.

Pre-cooling the magnet

1)

2)

Check the vacuum level of the magnet. It should be ~30 microns (of Hg) or
less. If it is higher pump on the vacuum chamber using a mechanical or a cryo-
adsorption pump.

Flush and fill the magnet with helium gas. Backpressure is maintained using is
a 1psi valve. Turn on the compressor and the temperature sensors. The inner
and outer shield temperatures can be monitored using the data acquisition
program “temp-mon.cmd” or “mag-mon.cmd”. The latter also monitors the
helium level. Precooling usually takes one week and final temperatures achieved
are 70 K and 85 K on the inner and outer shields respectively.
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3) If faster cooling is desired, liquid nitrogen can be poured into the magnet

chamber periodically. Using liquid nitrogen and the compressor together, the
cooling should take about 4-5 days. After cooling down to the desired
temperature the liquid nitrogen must be siphoned out and the chamber should be

flushed with helium gas.

Cooling the magnet

1)

2)

3)

Insert one end of the transfer tube in the helium tank. As soon as the liquid
starts coming out of the other end, remove the 1 psi valve and insert it inside the
fill line and seal it with a ferrule fitting. This is a crucial step since any air leak
might cause freezing of air in the fill line.

Connect an ohmmeter across the magnet leads to monitor the resistance of the
persistent switch. It should drop from 12.8€2 to zero as the magnet cools down
to the superconducting state in about 30 minutes. After the magnet is cooled,
helium starts accumulating in the chamber and fills it in about 10 minutes. The
total helium consumption should be about 40-60 liters depending on speed of

transfer. The magnet capacity is estimated to be around 30 liters.

Two tubes are placed over the top of the vapor-cooled leads and connected to a
flowmeter through a Y-junction. The helium vapor vents through these tubes. A
steady flow of dry nitrogen gas keeps the ice formation on the top flange to a

minimum.

3

Charging the magnet

1)

Check the wiring (Fig. 5.3.2.1). The energy absorber has two pairs of 100 A
copper cable. One pair goes to the current source while the other to the magnet
leads. Polarity is important. A twisted pair from the “program™ output of the
programmer is connected to the current source. Another twisted pair from the
absorber is connected to the “current shunt input” of the programmer.
Unfortunately the polarity is reversed as marked on the meter and must be
corrected externally. A third twisted pair connects the current leads to the

“magnet voltage” input of the programmer.
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2) Turn on the programmer first and then the current source. Turn on the current
source to supply 60 mA to the persistent current heater. The persistent switch

(another superconducting element) opens in about 10 seconds.

3) Ramp up the magnet current while measuring the field just outside the magnet
with a Gaussmeter.

4) Once the desired field is achieved close the persistent switch (turn off the heater

current).
Discharging the magnet

1) Open the persistent switch and ramp down the magnet current. The magnet
voltage sign should be opposite to that during charging and the measured field
should reduce to zero.

2) Close the persistent switch.
Refilling the magnet

1) Most of the time the helium tank is left connected to the magnet while doing a
continuous experiment. If there is helium left in the magnet after the experiment,
the current leads and the fill line should be pulled up to cut down helium loss.

2) Same procedure as initial cooling is followed.

a

Minimizing heat leaks in the magnet

1) The main sources of heat leaks during operation is through the copper current
leads, especially when a large current is flowing. Inspite of the cold helium
vapor rising through the leads they conduct a large amount of heat to the helim
bath. The fill line is another path for heat conduction from room temperature to
the helium bath. The current leads and the fill tube should be lifted up if the
magnet is operating in the persistent mode and the top flange should be replaced
by another one with only a long radiation baffle attached to it. This minimizes
the loss.
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Precautions and troubleshooting

1)

2)

3)

4)

5)

6)

7)

8)

AS.2

The vacuum must be checked periodically. A thermocouple gauge has been
installed on the magnet.

Check the battery for the thermometers. The temperature reading could be lower
than the real value if the battery charge is low.

Before cooling the helium chamber, housing the magnet, must be under helium
backpressure.

If the resistance of the magnet does not start dropping, the helium transfer is
getting blocked somewhere. The most likely place is the fill line itself. Take out
the helium transfer line and check the fill line and the current leads. In the past

we have removed ice blockages by inserting a copper rod.
Transfer should be stopped before it overfills the magnet.

There is always some ice formation on the top flange. This can be melted with a
heat-gun if there is a need to handle the leads or the fill line (e.g., when pulling
them out at the end of an experiment run).

A blinking voltage limit light portends a quench. Decrease ramp rate
immediately.

The persistent switch must be closed after charging. Otherwise the magnet will
lose charge since the programmer slowly ramps down the current source after
charging.

The cryostat

A liquid nitrogen/helium flow cryostat was designed to fit the 5-in. diameter

horizontal warm-bore of the magnet. The cryostat was built by Janis Research Co.

There are two 2 in diameter optical windows at the center of both the planar surfaces of

the cryostat. The windows have an anti-reflection coating for 1064 nm light. One end

of the cryostat is fixed to the magnet housing. The sample holder is mounted on the

liquid feethrough, welded to the removable front flange. The liquid feedthrough is a
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double walled tube. The liquid flows in through the inner tube and returns through the
outer one. care should be taken so that the cold liquid/vapor that comes out does not

cause condensation on the optical windows.

A temperature sensor (Pt-resistance thermometer works well in high magnetic
field) is sunk into the copper sample holder with Thermal Joint Compound. A heater
coil is wrapped around the liquid feedthrough near the sample holder. A Lakeshore 330
Autotuning temperature controller reads and controls the temperature by changing the
heater power when necessary.

There are three ports for electrical feedthroughs. One of them has a BNC
connector on the outside and an SMA connector on the inside. Another identical one
was recently expanded with a T and has a 20-pin feedthrough on one of the flanges.
The other port is blanked off and can be used for additional connectors in future. The
third one was different from the first two and has a flange designed for the temperature
controller, and has 10-pins. This is used for the thermometer (2 pairs), and the heater.
Several samples can be mounted simultaneously inside the cryostat and parallel
experiments can be conducted.
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Figure AS5.2.1 A drawing of the magnet cryostat. The cryostat was built by Janis Research
Co., Wilmington, MA and their drawing number is D02-12-93A.





