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MOTIVATION

Investigations of magnetic field diffusion (MFD) inside highly conducting
materials started with the discovery of Faraday’s electromagnetic induction law.
During the past few decades, the interest in the magnetic diffusion significantly
increased due to the development of new technologies, such as electromag-
netic metal welding [1], flux compression generators [2] and electromagnetic
launch [3]. In the latest case, the acceleration of MFD investigations benefited
from the development of new pulsed magnetic field measurement technolo-
gies [4] and software for the calculation of the field distribution and dynamics.
MEFD is important for electromagnetic launch because it determines the accel-
eration force acting on an armature and the electromagnetic environment of
the payload. Bodies with cylindrical shape are especially interesting as they
represent the simplest configuration of an armature in the coilgun case and of
a payload of an electromagnetic railgun. This shape of is also important not
only from a technical point of view, but also due to its symmetry which allows
to reduce the dimensionality of the problem that, in turn, accelerates the mag-
netic field distribution calculations. The MFD process during electromagnetic
launch is strongly linked to the magnetic field distribution of the magnetic field
source. The MFD will cause different field distribution in a simple railgun com-
pared to an augmented railgun, a single-stage pancake coil or a synchronous
multistage coilgun. MFD is also different for different types of high conductiv-
ity materials like conventional metals or superconductors. Contrary to metals,
type II superconductors are nonlinear conductors. Their electrical conductiv-
ity strongly depends on the electric field, magnitude of the magnetic field and
temperature. These materials, below their critical current density, show a neg-
ligible resistivity as their E — j relationship shows a power-law behaviour. This
makes it possible to use type II superconductors not only for armatures or for
magnetic shields for payloads, but also for the development of high power fault
current limiters.

Recently, a new design of a multirail railgun with a hexagonal rail arrange-
ment [5,6] was introduced. The main advantage of this device is its versatility
as it can be set up in various arrangements, including segmented, multishot,
and augmented configurations. The most convenient payload geometry for such
railgun is a cylinder. For this reason, the investigation of magnetic effects in
close proximity to a cylindrical conductive payload placed inside a hexagonal
railgun in a serial augmented mode is very important to determine the elec-



tromagnetic environment of the payload. Usually, time-dependent magnetic
field distributions are calculated using numerical techniques like finite differ-
ence or finite element methods. However, in order to obtain reliable results,
the calculations have to be matched with experimental magnetic field evolution
measurements. For this reason, theoretical studies of the magnetic field distri-
bution inside a hexagonal railgun equipped with a cylindrical metallic payload
during operation in a series augmented mode were compared with experimental
measurements performed using a unique CMR-B-scalar sensor array [7, 8].
Hollow superconducting cylinders (tubes) are used in permanent magnets
[9-11], magnetic shields [12—14], fault current limiters [15—18] and supercon-
ducting high-energy particle accelerators [19]. To operate and to test these
devices, it is necessary to know how pulsed magnetic flux penetrates the cavity
of the tube. Studies of this process in bulk type II superconductors (rings or
hollow cylinders with thick walls) have been carried out previously [20-23].
A thin-walled tube configuration helps to reduce the high costs of supercon-
ducting material and can be used for magnetic shields or for “smart supercon-
ducting grids” [24,25]. Long pipes made from MgB, by hydro-extrusion [25],
paint-coating [26] and metalorganic decomposition technique [27] have been
proposed. In such cases, it is important to have non-destructive means with
which to evaluate the intrinsic properties of the superconducting material, such
as critical current density vs. magnetic field, maximal magnetic field that can
be screened and the power law index. In order to obtain these properties, experi-
mental results need to be evaluated using an adequate theoretical model adapted
to the experimental conditions. Such method was applied for a systematic in-
vestigation of the magnetic field responses of tubes with different dimensions
and different magnitudes of the applied field [28]. It was based on the cal-
culation of the electric current distribution in the bulk of the superconducting
material, which, however, was the result of discrete coupled superconducting
circuits carrying different currents in different regions along the radial and axial
directions of the superconducting tube. Thus, for tubes with various configura-
tions, this method requires to choose specific discretization algorithms, which
makes the calculation procedure dependent on the tube geometry. Fortunately,
for a geometry of a thin-walled tube, this description can be simplified with-
out losing the accuracy of the calculation procedure. Since the walls are thin,
it is possible to assume that there is no spatial variation of the current den-
sity throughout the thickness of the wall. Joule heating can also be neglected
due to effective cooling of the superconducting material. Hence, measuring
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the magnetic field inside a thin-walled superconducting tube should provide
more accurate information about the properties of the superconducting mate-
rial than in the case of thick-walled tubes. For this reason, a simple method
for the analysis and determination of the main properties of a superconduct-
ing material was developed in the present thesis. The method is based on a
lumped-parameter equation and the measurement of the magnetic field outside
and inside a thin-walled tube. The method was validated by an experimental
study of the magnetic field dynamics inside of a small diameter thin-walled Bi-
2223 tube exposed to an axial pulsed magnetic field. Both CMR-B-scalar and
B-dot sensors were used to measure the field dynamics.

The MFD process can generate high electrical current densities in a thin-
walled superconducting tube subjected to an axial magnetic field, especially if
the tube is exposed to a highly transient magnetic field. High current, together
with a high external magnetic field, can significantly change the conductivity
of superconducting films by bringing them into the flux flow resistive state.
Joule heating and various electrical instabilities are associated. If one side of
a superconducting film has no direct contact with a cooling agent, the heat
flow from the superconductor decreases and makes the film more susceptible
to current-induced heating. For this reason, investigations of electric and mag-
netic properties of superconducting films prepared on high thermal conductiv-
ity dielectric substrates are of high importance. Processes that appear in type
II superconductor films carrying high electrical current densities and exposed
to the magnetic field were experimentally investigated in microbridges made
from submicron thick YBCO films prepared on Al,O3 substrates with CeO,
sublayer by the pulsed injection MOCVD method [29]. It was demonstrated
that the I-V characteristics of these films exhibit a wide range of nonlinear dis-
sipative states and that such films can be successfully used to realize high speed
fault current limiters [30—35]. The analysis and explanation of the main pro-
cesses taking place when these microstrips were affected by a strong electrical
current and a DC magnetic field was not yet done. This was the next objective
of the investigation performed in the frame of the present thesis.

A coil accelerator or a coilgun is an electromagnetic launcher that accel-
erates ferromagnetic (reluctance coilgun) or conductive (induction coilgun) ar-
matures to high velocities by employing magnetic fields. The lack of sliding
electrical contact between the barrel and the launch package as well as the ab-
sence of a propellant eliminates friction and reduces the mass of the launch
package, while, in turn, reducing the amount of energy needed to reach the de-
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sired velocities. However, a complex modular power supply with high require-
ments for switches, real-time projectile tracking and control is required [36,37].
Joule heating, armature flux capture, and structural integrity are the factors
which limit the performance of metal armatures [38,39]. Type II supercon-
ductors are intriguing materials that behave very differently from normal con-
ductors. Above the critical current, the resistivity of the superconductor in-
creases rapidly, and the superconductor returns into its normal (resistive) state.
This nonlinear behaviour makes the electric and magnetic properties of these
materials attractive for various applications [40—42], one of which is electro-
magnetic launch. The use of these materials as armatures for electromagnetic
launchers can lift some of the limitations associated with normal conductor ar-
matures as well as cause some new unforeseen behaviour. At present, only a
relatively small number of studies investigating the electromagnetic launch of
such superconducting armatures have been performed in comparison to those
which investigated the launch of normal metal armatures. Calculations per-
formed in [43] demonstrated that a pre-magnetized superconducting armature
(using field-cooled magnetization) can be more effectively accelerated by a
pulsed magnetic field than an armature made from conventional metals. How-
ever, this method of acceleration is more complicated in comparison to using
a non-magnetized superconducting armature as it adds a preparation stage that
requires energy. Another drawback of using a magnetized armature is that it
can be necessary to move the armature to the optimal trigger position after
the premagnetization process [43]. Thus, an acceleration method that employs
simple non-magnetized armatures is more preferable, however, parametric in-
vestigations of the electromagnetic launch of such armatures up to now have
not been conducted. During this type of acceleration, the MFD process mainly
determines the energy transfer from the coil to the armature and defines the
ballistic characteristics of the armature. For this reason, the final part of this
thesis was the investigation of a disc-shaped single-domain YBCO armature
accelerated by a pancake coil. The acceleration studies were performed in a
vertical geometry. Magnetic field dynamics measured using a CMR-B-scalar
sensor an displacement measurements using optical sensors were successfully
reproduced by theoretical modelling results.
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Goals
There

1.

Tasks
Tasks

are four main goals of the present thesis:

The investigation of the magnetic field dynamics inside the bore of a
novel versatile hexagonal multi-rail railgun in a series augmented mode
equipped with a cylindrical metallic payload.

Experimental and theoretical investigation of the pulsed magnetic field
penetration dynamics in a hollow thin-walled tube made from a type II
Pb-doped Bi-2223 superconductor.

The evaluation of processes that appear in microbridges made from sub-
micron thick YBCO films prepared on Al,O3 substrates with CeO; sub-
layer by the pulsed injection MOCVD method carrying high electrical
current densities and exposed to the magnetic field.

The investigation of the behaviour or a disk-shaped superconducting
single-domain YBCO armature cooled to 77 K under vertical electro-
magnetic acceleration using a single-stage pancake coil.

to achieve these goals were the following:

To design an experimental setup based on SR\3-60 multirail electromag-
netic launch platform by configuring it in multiple augmented arrange-
ments and installing the magnetic field measurement system containing
an array of 4 CMR-B-scalar sensors.

To build a time-dependent numerical model based on the finite element
method (COMSOL Multiphysics AC/DC module) for the analysis of the
magnetic field distribution inside the bore of a serial augmented hexag-
onal railgun.

To calculate the magnetic field dynamics in the proximity of a cylindrical
aluminium payload and to compare the results with experimental mea-
surement results.

To create an experimental setup for the investigation of the pulsed mag-
netic field penetration inside a hollow thin-walled superconducting cylin-
der made from Bi; gPbg26Sr2CayCuz O« and to perform experiments
using a B-dot and a CMR-B-scalar sensor.

To develop a mathematical lumped-parameter model that is capable to
explain the main behaviour of the magnetic field dynamics and the
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trapped flux inside the hollow thin-walled cylinder. To test the validity
of this approach by comparing it with the experimental measurements.

* To analyze of the magnetoresistive effect in 440 nm thick YBCO films
prepared on Al, O3 substrates with CeO; sublayers by the pulsed injection
MOCVD method in temperatures ranging from 20 K to 300 K.

* To explain the nature and the mechanism of the experimentally obtained
S-shaped I-V characteristics and the time-changing resistance of the mi-
crobridges after they were affected by a step-like magnetic field.

* To create an experimental setup for investigating the behaviour of a disk-
shaped superconducting YBCO armature cooled to 77 K under vertical
electromagnetic acceleration based on an IR distance sensor and a CMR-
B-scalar magnetic field sensor.

* To develop a numerical model for the nonlinear eddy current problem in
the armature’s frame of reference using Maxwell’s equations in their H-
formulation in the 2D axis-symmetric form using Comsol Multiphysics
commercial software and to apply this model for the investigation of the
disc armature displacement and magnetic field dynamics.

* To evaluate the effectiveness of the coilgun type electromagnetic acceler-
ator with a type II superconducting armature using the numerical model.

Practical value and novelty

The influence of a cylindrical conductive payload on the transient mag-
netic field distribution during electromagnetic launch with a series augmented
hexagonal railgun was investigated for the first time. The obtained magnetic
field distributions can be used when designing launch packages with sensitive
payloads.

A quick, nondestructive method based on a lumped parameter equation was
proposed to evaluate the in-field properties of type Il superconducting tubes
whose wall thickness is shorter than the Bean’s penetration depth.

Intrinsic current-voltage relationships of thin-film YBCO microbridges
prepared on Al,O3 with CeO, sublayer that were obtained using ns duration
electrical pulses were used to model electrothermal instabilities observed in
DC measurements for the first time. This model can be used to predict the
behaviour of fault current limiters exposed to long-lasting faults.

Numerical simulation of a single-stage coilgun with a type II superconduct-
ing armature was validated by experimental results for the first time. Numerical
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simulations were later used to determine the properties of such armatures and
to show in what conditions these armatures are superior to normal metal arma-
tures.

Scientific statements

* The magnetic field diffusion causes a magnetic field disturbance in the
proximity of a cylindrical conductive payload during the operation of
a series augmented hexagonal railgun. This disturbance can be well
modeled with quasistatic Maxwell’s equations using the finite element
method.

* The nonlinear magnetic field diffusion equation describing the magnetic
field propagation inside a type II superconducting tube can be simpli-
fied to a lumped parameter equation when the wall thickness is consider-
ably smaller than the Bean’s penetration length. This equation, together
with pulsed magnetic field measurements inside the tube, can be used
to quickly and nondestructively evaluate the relation between the critical
current density and the magnetic field together with the power-law index

of the superconducting material.

* The magnetoresistance of 400 nm thick YBCO films prepared on Al,O3
substrate with CeO; sublayer by the PI- MOCVD method in the super-
conducting state is linear with respect to the magnetic field and in accor-
dance with the flux flow model for dirty superconductors. The S-shaped
I-V characteristics of microstrips made from these films observed un-
der voltage bias as well as the time-dependent resistance under constant
current bias is a result of a thermo-electrical instability caused by Joule
heating due to the flux flow-induced resistive state.

* The motion and the magnetic field dynamics during electromagnetic
acceleration of a disc-shaped type II superconducting armature can be
explained using numerical simulations based on quasi-static Maxwell’s
equations in their H formulation and the assumption that the supercon-
ductor is a nonlinear conductor with a power-law E-j relationship. The
type II superconductor outperforms normal metals when accelerated
by magnetic pulses with smaller time derivatives and the use of su-
perconducting armatures is advantageous in the lower pulse amplitude
range.
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Structure of the thesis

The thesis is divided into two parts: literature review and original results
obtained during this thesis. The literature review covers the main effects as-
sociated with magnetic field diffusion in non-magnetic conductors, magnetic
and electric properties of both bulk and thin-film type II superconductors. The
review also introduces to the numerical efforts in modellling the nonlinear mag-
netic field diffusion in bulk type II superconductors. Finally, the importance of
the magnetic field diffusion to electromagnetic launchers like railgun and coil-
gun is analyzed.

The results section is further divided into four subsections. The first one
discusses the magnetic field diffusion into an electrically isolated cylindrical
aluminum payload accelerated by a hexagonal railgun in a series augmented
mode. The second subsection analyses the transient response of the magnetic
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field inside a high-temperature superconducting tube made from Bi-2223. In-
trinsic electrical properties of thin YBCO films prepared on Al,O3 substrate
with a CeO; sublayer are investigated at several temperatures in the third sub-
section and are used to model their DC behaviour using electrothermal model.
The last subsection investigates the properties of a single-stage pancake coilgun
with a disk-shaped superconducting YBCO armature. The study is expanded
outside the experimental capabilities by using an experimentally validated finite
element model of the system.
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1. LITERATURE REVIEW

1.1 Magnetic field diffusion in non-magnetic metals

The distribution and time evolution of the magnetic field inside highly elec-
trically conductive environments (metals) can be obtained using four equations
developed by James C. Maxwell [44]. These equations describe interactions
between electromagnetic (EM) fields, currents and charge as:

V.-D=g (1.1)
V-B=0 (1.2)
JB
V><E:—W (1.3)
. dD
VXH:J+§, (1.4)

where D is the electric displacement field, ¢ is the density of free charge, B is
the magnetic field induction, E - the electric field, H is the magnetic field (MF)
and j is the free current density. These equations are used to derive equations
for describing multitude of effects that range from electrostatics to optics.

An equation describing the propagation of the magnetic field inside con-
ductive matter in quasi-stationary case (where the rate of change of D and the
motion of the conductor can be neglected) can be derived from Maxwell’s equa-
tions. Assuming that E= pj and B= yH (here p is the resistivity of the material
and u is its magnetic permeability), we can substitute (1.4) into (1.3) to get

B OB
VXp(VXu) == (1.5)

For isotropic nonmagnetic conductive materials p and u are constants, thus,
replacing the double curl according to a vector calculus identity and knowing
the equation (1.2) we get

p

HV213 = (1.6)

This second order partial differential equation is equivalent to a concentration
diffusion equation. In addition, the scalar term has a unit of m?/s, that is the
unit of a diffusion coefficient. Because of this similarity, the process of mag-
netic field penetration into conductive media is called magnetic field diffusion
and governs the propagation of low frequency magnetic fields in normal con-
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Figure 1.1.1. Magnetic field and current density distributions in a conductive
cylinder at different moments after an application of an external magnetic field.

ductors. It has to be noted that the unknown is a vector quantity in contrast to
that of heat or diffusion equations where the solution is a scalar field. It can
be shown that the vector equation decomposes into a set of scalar equations.
The number of these equations depends on the dimensions of the problem. In
three dimensions using Cartesian coordinates the magnetic field is composed
of three scalar components as

B(xa)%ZJ) = [Bx(x7y7Zvt)7By(x7y7z7t)aBZ(x7y7Z>t)] (17)

and the equation for a single component becomes.

8823,- . 8B,~
pox> ot

where the subscript i denotes the component. An illustration of the magnetic

(1.8)

field diffusion in linear conductors can be seen in Figure 1.1.1.

In cases dealing with external driving currents and moving conductors it is
more convenient to derive an equation based on the magnetic vector potential
A, defined by B =V x A. The diffusion equation with contributions from the

electric potential and motion under Coulomb gauge (V - A = 0) becomes:

VZA:,LLG<88?+V¢+V><V><A), (1.9)

where o is the electrical conductivity, v is the velocity and ¢ is the electric
potential. Here u is assumed to be constant in space [45].
Parabolic partial differential equations of the form (1.8) have been studied
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extensively in heat propagation and concentration diffusion for over a century
and many techniques have been developed to solve them. For simple geome-
tries analytic solutions exist while numerical techniques are employed for more
complex geometries [46].

1.2 Magnetic field in superconductors

The magnetic field behaves very differently in type I superconductors than
in regular conductors. In these materials, below their superconducting tran-
sition temperature 7; , the magnetic field is expelled from their interior by a
process called Meissner effect [47]. In this Meissner state, type I superconduc-
tors are perfect diamagnets. If an external magnetic field is applied, the Meiss-
ner state exists until a critical value H. of external field is reached. Above it,
superconductivity disappears, leaving the material in its normal state. The elec-
trodynamics of the Meissner state was described by the London brothers [48].
Based on the kinetic theory of non scattering electrons and the Meissner effect,
they derived two equations:

dj me
E=A—, A= 1.10
dt’ nge? (1.10)
AV xj=B. (1.11)

Here m, is the electron mass, n; is the density of superconducting electrons,
and e is the charge of an electron. The first equation concludes that there is
no electric field if the current density is stationary, allowing for persistent cur-
rents to flow without dissipation. The second equation, in combination with eq.
(1.4), shows that the magnetic field exponentially decays from the surface of a
superconductor in the Meissner state with a characteristic length A, , called the
London penetration depth.

AL= A (1.12)
u
This decay of the field is caused by a supercurrent circulating within a Ay
depth from the surface. According to Sisbee’s rule, when an external field of
magnitude H, is applied to a type I superconductor, a critical current density j.
is induced to screen it.
Type II superconductors also exhibit the Meissner state, but due to a neg-

ative energy of the superconducting/normal interface, at a field value of H.;
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the magnetic field is allowed into the interior of these superconductors in quan-
tized amounts. These quanta were predicted by A. A. Abrikosov [49] and are
called Abrikosov vortices or fluxons and this state is called the mixed state.
Each fluxon carries within it a magnetic flux of ®y = h/(2¢) (h is the Plank’s
constant), majority of which is distributed within a cylinder of a radius A;. The
density of superconducting electrons decreases over the coherence length & in-
side the fluxon and drops to zero at the center, therefore, vortices are considered
to have normal cores. Inside the superconductor, these vortices repel each other
forming a triangular lattice. The lattice constant decreases with increasing ex-
ternal field, decreasing the magnetization of type II superconductors. Super-
conductivity is destroyed at a field H, called the second or the upper critical
field.

A macroscopic model explaining the irreversible magnetization of type II
superconductors was proposed by C. P. Bean [50]. He argued, that due to the
zero resistivity, an infinitesimal electric field would induce a critical current
density, so the macroscopic current density inside type II superconductors in
their mixed state is either j. or zero. This model is called the Bean’s critical
state model. According to this model, the curl of the magnetic field can only
have two values:

jc, OF
VxH={" (1.13)

0.

Under this assumption, one can see from eq. (1.3) that any change of magnetic
field will induce j. and that this change will be screened in a surface layer
whose depth is proportional to the absolute change of the magnetic field and
inversely proportional to the magnitude of j.. An illustration of the resulting
magnetic field and the induced current density distributions in an infinitely long
superconducting cylinder exposed to an external magnetic field pulse according
to Bean’s critical state can be seen Fig. 1.2.1.

In the general case, the current density in type II superconductors is not
limited to the two discrete values. Abrikosov vortices experience Lorentz force
since inside them both the magnetic field and the electric current can exist si-
multaneously. If the superconductor is very pure, in other words, it does not
have defects that bind the magnetic field lines, called pinning centers, the vor-
tices are free to move. Moving fluxons, in addition to Lorentz force, experience
viscous drag. This drag is theorized to originate from the dissipation by normal
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Figure 1.2.1. Magnetic field and current density distributions in a supercon-
ducting cylinder in a changing external magnetic field according to Bean’s crit-
ical state model.
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electrons [51]. Due to the motion of the magnetic flux line, an electric field is
induced inside the normal cores and dissipative currents arise [52]. Since en-
ergy is lost, vortices move as if through a viscous medium [53,54] described by
a viscous drag coefficient. This mode of conduction is called Free Flux Flow
(FFF). If, however, the vortices are pinned by pinning centers, they will not
move until the Lorentz force will exceed the force holding them in place, called
the pinning force, and there will be no electric field induced until they detach.
The resulting E-j relationship in FFF regime is:
i B
E=prrrj, Prrr=pPng— (1.14)
c2
where prpr and p, are the free flux flow and the normal state resistivities,
respectively.

The electric field to current density relationship (E-j) in type II supercon-
ductors at finite temperature is divided into two regions: flux creep and FFF.
Flux creep is observed in the low current region where the Lorentz force is un-
able to depin the vortices. Some of the vortices are able to detach due to the
available thermal energy kg7 [55]. With increasing current density, this por-
tion increases, leading to an exponential increase of the electric field [56]. A
resulting equation for E as a function of j derived from a hopping equation of
Arrhenius type is
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where [ is the distance a vortex moves in a single hop, vq is the hopping attempt
frequency, U is the average pinning barrier height [57].

From the theories of collective flux creep [58] and vortex glass [59] the
current voltage relationship and the effective pinning potential is [60]:

~u()) (%)“—1

E(j)=Ee ™, U(j)="Up (1.16)

o

if & — 0 one gets a power law E-j relationship:

E=E <J> . (1.17)
Je

Here E, is the critical electric field (1 uV/cm by convention), j. is the
critical current density at which the E. is reached and n is the parameter de-
scribing the "hardness" of the superconducting/normal transition. High n val-
ues model hard, Bean-like superconductors, while low values approximate flux
creep regime. This relationship has been observed in many experiments [61—
64]. The power law relationship neglects the Meissner state, thus, it is valid
only in situations dealing with strong magnetic fields and large currents. Using
this substitution law, one can derive an equation for magnetic field diffusion in
type II superconductors:

_,oH
”at‘

This equation is a nonlinear diffusion equation with a magnitude-dependent

E
Vx<,ﬂVxHW1VxH>: (1.18)
Je

diffusion rate.

1.3 Magnetic field diffusion in railguns

The magnetic field diffusion is commonly encountered in electromagnetic
launchers. An electromagnetic launcher (EML) is a device that transforms elec-
tromagnetic energy into linear kinetic energy. Railguns are promising EML
platforms for many applications like space launch [65—67], materials research
[68] and defence [69]. Railguns are the simplest imaginable linear motors and
consist of at least two rails and a sliding armature. The working principle can
be seen in Figure 1.3.1. Injection terminals at the breech of the device supply
pulsed (usually) current through the rails. The current flows from one rail to
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Figure 1.3.1. A conceptual view of a simple railgun and its working principle.

the other through the armature forming a closed current loop. Because of the
interplay between the magnetic field and the current, a force appears on the
rails, the armature and the connecting cables. This force is directed in the out-
ward direction from the closed loop. The armature is free to slide, thus it is
accelerated once the driving force overcomes friction.

There are two main types of railguns: a simple railgun and an augmented
railgun. A simple railgun relies on the main rails upon which the armature
slides to produce the magnetic field for the acceleration. This requires high
currents to produce considerable force. The force in a simple railgun can be
estimated from the railgun force equation [70]

L'I?
pu— 2 ,

where L/ is the inductance gradient of the coilgun.

F

(1.19)

To reach hypervelocities, simple railguns are operated using currents of
hundreds of kiloamperes or even megaamperes and produce magnetic fields in
the order of tens of teslas [71-73]. The simultaneous existence of large elec-
trical current densities and friction forces damages the rails and reduces their
lifetime [74,75]. Another, more complicated railgun design, is an augmented
railgun. In an augmented railgun, in addition to the magnetic field generated by
the driving rails themselves, an external magnetic field is used. This additional
field results in a higher propelling force acting on the projectile for the same
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armature current. It allows for an operation at a lower current, meaning lower
Joule heating and the ability to use a wider selection of power supplies. The
augmentation can be realized in several ways e.g., permanent magnets [76],
persistent mode superconducting electromagnets [77], or pulsed electromag-
nets [78—81]. In a case where an external parallel augmentation coil is used the
equation for force becomes [82]

L'I?
2

where M is the gradient of the mutual inductance between the railgun and the

F M1, (1.20)

augmentation coil and 1, is the current flowing through the field augmenting
coil.

The size of the power supply is, probably, the main aspect limiting the wider
application of railgun systems. Currently, the most widely used power supplies
are based on capacitor banks [83]. Efforts to reduce the size of the power supply
lead to inductive energy storage [84—86]. A relatively new concept is the self-
supplying railgun. It combines a railgun with an inductive energy storage by
using the magnetic field to both supply current to the rails and to augment the
field. For this purpose a Superconducting Magnetic Energy Storage (SMES)
can be used and this setup is called the Superconducting Self-Supplying Elec-
tromagnetic Launcher (S3EL) [87-90]. All of above mentioned electromag-
netic railgun designs are characterized by different magnetic field configura-
tions, thus, different field distributions under MFD are observed during their
operation. The investigation of this process allows to evaluate the current dis-
tribution in the rails and the electromagnetic impact on the armature and the
payload. That is especially important if the EML is used to accelerate smart
electronic payloads. The bore of a railgun is a harsh environment due to high
mechanical loads, temperature gradients and transient magnetic fields. It was
shown, that electronics can survive being accelerated by a simple railgun and
even record data live [91]. This is possible because of the rapid decrease of
MF in front on the current carrying armature. It was also demonstrated that
electronic components can be damaged by the transient magnetic field in the
proximity of a railgun if placed carelessly [92]. In an augmented railgun mag-
netic fields would be present even in front of the armature. If the augmentation
is pulsed, the payload would experience transient magnetic fields which can
be harmful due to the induced electromotive force (emf). In launchers of this
type, an addition of magnetic screening should be considered for the protection
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Figure 1.3.2. Illustration current density distributions affected by skin effect
(a), proximity effect (b) and velocity skin effect (c). Grey represents low current
density and aqua - high.

of sensitive payloads.

The operation of railguns intrinsically relies on the time dependent mag-
netic field. Highly conductive materials, such as copper and aluminium, are
used in railguns to minimize the resistive losses. They have low magnetic dif-
fusivities. For this reason, in a time frame that these devices operate (up to tens
of milliseconds), the magnetic field does not reach an equilibrium configura-
tion and MFD is an important aspect for the efficiency of a device. Magnetic
field diffusion in railguns has been under extensive research in the past decades.
Three main effects that are caused by the MFD are encountered under pulsed
current operation of the railgun: skin effect, proximity effect, and velocity skin
effect. The skin effect is a current concentration at the surface of a conductor
caused by the pulsed current flowing through the conductor (see Figure 1.3.2 a).
For a sinusoidal current, the current density decays exponentially with distance
from the surface with a characteristic length called the skin depth [70]:

[ 2

where o is the angular frequency of current oscillations.
The Proximity effect appears as a result of the magnetic interplay between
two or more conductors. Under pulsed current conditions, rails generate time
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varying MF. If the rails are close together, the generated field will be strong
enough to cause current redistribution. This magnetic coupling of the rails
causes the current to concentrate near the surface that is closer to the other rail
(see Figure 1.3.2 b). Proximity effect in closed circuits will be accompanied
by skin effect, so the observed current distribution is the superposition of both.
This effect is predicted in several theoretical investigations [82,93,94] and has
been observed experimentally by measuring currents through differently spaced
brushes of a brushed armature in static [95] and low velocity [96] cases. Re-
cently, a method to reconstruct current density distribution in a rail from a set
of magnetic field measurements was proposed [97]. The reconstruction of ex-
perimental data revealed the proximity effect and was in good agreement with
direct current measurements of individual filaments of a test launcher.

Velocity skin effect (VSE) is observed in railguns at high armature veloc-
ities. It was initially observed indirectly as an efficiency roll-off of a railgun
when increasing the shot energy [98—100]. It was later suggested that this roll-
off is caused by the velocity skin effect [3]. This conclusion was drawn from
careful theoretical analysis of experimentally observed launcher efficiency vs.
muzzle velocity curves. VSE causes a current concentration near the inner
faces of the rail (similarly to proximity effect), in turn increasing the resistance
of the system and causing local heating of the rails (see Figure 1.3.2 ¢). VSE
is caused by the MFD in response to the changing magnetic field introduced
by the motion of the armature and becomes more apparent with increasing ar-
mature velocity. In addition, current is expected to localize near the trailing
edge of the armature, further increasing the resistance of the system, scaling as
v3/2 with velocity [101]. Current concentration in the rear end of a moving ar-
mature was observed experimentally in a U shaped armature by reconstructing
the current density distribution from magnetic field measurements made using
B-dot sensors' [102] (velocity range 600-1100 m/s).

A new generation of pulsed magnetic field measurement technologies that
simplified the analysis of the obtained data together with rapidly increasing
computing power and more sophisticated modelling software accelerated the
MFD research in electromagnetic launchers. The proximity and skin effects
were directly observed when measuring the magnetic field in close proximity
to a rail using a CMR B-scalar sensor array [103, 104]. Later, using similar

IB-dot sensor is a magnetic magnetic field sensor that measures the change of the magnetic
field. They are constructed from coils of conductive wire and produce voltage due to magnetic
induction. The name B-dot comes from the notation of time derivatives i.e., dB/dt = B.
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sensors, the magnetic diffusion was even measured inside of a rail [7]. The
measurements were in good agreement with theoretical results that take MFD
into account. Detailed coupled physics models have been developed to describe
the behaviour of railgun systems, e.g. electromechanical [105, 106], and elec-
trothermal [107-109].

Payloads in a railgun can range from simple metal rods [110, 111] to com-
plex smart projectiles [91] or even nanosatellites [67]. MFD is especially im-
portant if EML is used to accelerate smart electronic payloads. Recently, a new
design of a multi-rail hexagonal railgun with hexagonal rail arrangement [5, 6]
was introduced. The main advantage of this device is its versatility as the setup
can be arranged in a segmented, multishot, or augmented configuration. The
magnetic field diffusion, however, was not investigated in such a railgun design.
Research of the magnetic effects in close proximity to a conductive cylindrical
payload inside a hexagonal railgun in an augmented mode is of importance to
determine the effectiveness of these payloads as conductive MF screens for the
protection of smart electronic payloads. The time-dependent magnetic field
distribution calculated using the finite element method combined with exper-
imental measurements performed using a CMR-B-scalar sensor array can be
used as an effective tool. This was the first main task of the present thesis.

1.4 Magnetic field diffusion in type II superconducting cylinders

Superconducting cylinders (bulk and hollow) are used in permanent
magnets [9-11], magnetic shields [12-14], fault current limiters [15-18]
and superconducting high-energy particle accelerators [19]. As well as con-
ventional ferromagnets, these superconductors can be magnetized as bulk
permanent magnets with current record of 17.6 T trapped into a silver con-
taining GaBa,CuzO7. bulk at 26 K [112]. Also, there is a great interest in
these materials to be applied like magnetic field sources [113] in magnetic
bearings [114-116], electric generators [117-119] and motors [120-122]. For
the operation and testing of these devices, it is very important to know how the
pulsed magnetic flux penetrates into the superconductor. Due to the high price
of high-temperature superconductors (HTS) and the unforgiving results of
design flaws (catastrophic quenching and mechanical failure), it is preferable
to model the behaviour of the device before its production.

The electrodynamics of type II superconductors is nonlinear due to their
E-j relationship (eq. 1.17) and cases where analytic solutions exist are scarce
and mainly exist for the critical state approximation [123]. In other cases, nu-
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merical techniques are employed. Various eddy current problem formulations
suited to handle different superconductor application scenarios or to improve
computation times have been proposed [124—-128].

An extensive study of the magnetic field diffusion and its effects in type 11
superconductors has been carried out by Ernst Helmut Brandt in a series of pa-
pers covering various superconductor geometries (discs and rings [23,60, 129]
and rectangular bars [130-132]). In these papers, he proposes a numerical
method (sometimes called the Brandt algorithm) that solves for the current den-
sity and therefore limits the calculation to the volume of the superconductor.
His method is based on an integral equation relating the temporal change of
local current density to the total local magnetic field as:

where Q7! is an integration kernel that is an inverse to the Laplace equa-
tion’s Green’s function and A, is the magnetic vector potential due to exter-
nal sources. E here is the electric field, that is replaced by an E-j relation-
ship. For a superconductor, the power law (eq. 1.17) is assumed to incor-
porate flux creep. The integral is solved by discretizing the superconducting
domain into elements, forming a matrix from the integral kernel, and sum-
ming over all elements. The time-dependent current density is obtained by
j(t+At) =j(r)+9j(t)/dtAtr. Brandt’s method can be interpreted as a system of
magnetically coupled circuits where the kernel represents mutual inductances
between them (diagonal terms correspond to self inductance) [130].

Brandt’s method was successfully applied to study magnetic shielding
properties of high-7; superconducting hollow cylinders. Denis et. al. [28]
measured the attenuation of axial DC and AC fields inside a bismuth strontium
calcium copper oxide Bi;Sr,Ca;CuzOqg—, (Bi-2223) tube and compared the
measurements with simulation results. The results were in good agreement and
revealed the effects that tube geometry has on the shielding factor. Fagnard et.
al. [133] simulated the magnetic field response inside a superconducting tube
exposed to time-dependent magnetic fields in transverse and axial directions
with various magnetic field ramp rates. In their simulations, they accounted
for j.(B) relationship by the use of the Kim model [134]. Simulations showed
that the magnetic field limit for high shielding factors depends on the ramp
rate, which was confirmed by experiments carried out with Bi-2223 supercon-
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ducting tubes. The influence of the ramp rate was attributed to flux creep and
the exponent n that describes it as well as to the j.(B) relationship.

Another method for calculating eddy currents in type II superconductors
with cylindrical symmetry in critical state was proposed by Araujo-Moreira
et. al. [135] In this model, they subdivide the superconductor into rings and
calculate their self and mutual inductances. In its essence, this method is a
special case of Brandt’s method for cylinders. It differs as Beans critical state
is implemented instead of a continuous power law E-j relationship. The eddy
current distribution under a given magnetic field is found by iterating the current
flowing through each ring until a minimum magnetic field energy configuration
is found. The total magnetic energy of one element in this description is [136]:

1 ri
E = 5L,JE + LY Myl — 21l /0 rH.dr. (1.23)

j;fi

Here L; is the self inductance of a ring segment, /; is the current through an
element, M;; is the mutual inductance between rings i and j. In Bean’s criti-
cal state, it is assumed that the current flowing in the ring can only by zero or
I. = j.ArAz, where Ar and Az are the discretization step sizes. This reduces the
amount of iterations needed by lowering the total number of possible system
configurations. Later, the magnetically coupled superconductor loop model
was extended to include the j.(B) [137]. This method was applied to calculate
magnetic hystereses of superconducting cylinders [135] and rings [138]. Re-
cently, this method was applied to axial and radial arrays of superconducting
rings by Liu et. al. [136]. They systematically investigated the magnetization
and levitation forces and how they are affected by the geometry of the array.

The appearance of sophisticated software that uses the Finite Element
Method (FEM) being capable of dealing with highly nonlinear equations at-
tracted the attention of researchers. FEM techniques are now the most com-
monly used and developed methods and can be applied to superconducting
material problems using a variety of formulations [139]. In addition, FEM
is more flexible in that it allows more complex shapes to be discretized. A-V
or A-¢ formulation is a widely used description of eddy current problems both
in normal conductors and superconductors [140,141]. The equation governing
the evolution of vector potential is (1.9) with an added constraint:

V. <o(A,¢) (%":‘er)) = 0. (1.24)
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This formulation is convenient when modelling the magnetic behaviour of de-
vices connected to electrical circuits as both voltage and current can be im-
posed. In the power law description of type II superconductors, the resistivity
vanishes when current density is equal to zero. Since o = 1/p, conductiv-
ity becomes undefined. To avoid stability issues, a very small resistivity py is
added [142] so that:

1

EZ n—
p(E) = f\E!T‘ +po (1.25)

C

The A-V formulation has been successfully applied to model a magnet-
superconductor interaction [143, 144] and AC losses in HTS tapes [142, 145].
This approach was compared to Brandt’s method for superconducting tubes by
Lousberg et. al. [146] to reveal satisfying agreement. Using the A-V formu-
lation, Lausberg et. al. [12] numerically analyzed the shielding capabilities
of hybrid ferromagnetic/superconductor hollow tubes. Their analysis revealed
that the use of such hybrid systems improves magnetic shielding properties than
using only superconductor or only ferromagnetic materials and that the radial
order of the layers influences both the magnetic field limit of high shielding
factors and its decay with increasing field. Ohsaki et. al. [147] used the A for-
mulation. to study pulsed field magnetization (PFM) of a bulk YBCO ring. In
their model, they treated the critical current density as a function of both the
magnetic field and the temperature j.(B,T). Joule heating was accounted for
by coupling the electromagnetic and thermal problems.

Another common group of formulations is based on the current density
potential T, defined by j = V x T. This approach is usually used for high aspect
ratio problems like superconducting tapes. It is very powerful as it allows to
treat the superconducting layer of the tape as a one dimensional object and to
specify net current flowing through it as

1=(—Ty)-d, (1.26)

where 7| and 7, are the values of T at the ends of the line representing the cross
section of the tape and d is the thickness of the superconducting layer. Since the
magnetic field needs to be ralated to T, coupled formulations are used. Most
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common are T-Q (Q is the scalar magnetic field potential) [148, 149]

prVxT:ugt(H(H—T—VQ)

(1.27)
V- (uHy+T-VQ))=0
and T-A formulations [126, 127, 150]
VxpVxT= y%B
! (1.28)

VlexA:j
u

T is defined in electrical current carrying parts while Q or A are calculated in
the entire solution domain.

Even though the 1D approximation of the tape reduces the number or ele-
ments needed, the simulation of magnets with large numbers of windings and
layers remains computationally intensive. Berrospe-Juarez et. al. [127] showed
how to greatly reduce computation times when using the T-A formulation. They
introduced the multi-scale approach, where only a part of the windings is anal-
ysed and the current density in the rest is interpolated from them, and the ho-
mogenization approach, where the layer of tapes is treated as a bulk. The multi-
scale method lowered the computation time 9 times and homogenization by 18
with 0.3% and 2% relative error in magnetization losses in comparison to the
full T-A model.

The most widely used description in HT'S modelling today is the H for-
mulation (H-form) [122] (equation 1.18) which is based directly on Maxwell’s
equations. The implementation of this model is intuitive since the variables
are physically measurable quantities. This method is also numerically accurate
as no post-processing of the results is needed. On the other hand, it requires
to define a dummy resistance for the air domain. This formulation has been
successfully applied for the calculation of AC losses [151-154], estimation of
tape DC properties [155-157], magnetization of bulk HTS [139, 158, 159] etc.
Ainslie et. al. [160] performed a comprehensive study on pulsed field magneti-
zation (PFM) of HTS bulks. In their model, they coupled the 3D eddy current
problem in H-formulation with the heat equation to account for the heating of
the HTS sample. Heating effects on the properties of the HTS were taken into
consideration by implementing j.(7') relationship. In addition, the effects of
an inhomogeneous critical current density were investigated and were revealed
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Figure 1.4.1. Critical surface of a superconductor

to distort the profile of the trapped magnetic field and to reduce its amplitude
due to localized heating. Zou et. al. [161] also investigated the PFM of HTS,
but in their model they also included j.(B) dependence. Sass et. al. [162]
applied H-form to model the dynamic levitation forces acting between a per-
manent magnet and YBCO bulks and second generation (2G) HTS tape stacks
as the distance between the magnet and the superconductor was changed in
time. The results were in good agreement with experimental data. Later, Qué-
val et. al. [163] took a similar approach to model the levitation forces between
permanent magnet arrays and HTS bulks and tape stacks. Their analysis cov-
ered dynamic forces in cases with both vertical and lateral movement and good
agreement between simulation and experiments was achieved.

The critical current density is a function of both the magnetic field and
temperature. The properties of superconductors can be illustrated by a critical
surface that relates temperature, magnetic field and critical current density (see
Fig. 1.4.1). These relationships need to be accounted for to accurately model
processes that happen over a wide range of magnetic fields and temperatures.
Probably the most often used description for j.(B) is the Kim model [164]

. ja
B) = .
Jje(B) i

(1.29)

Here j.o is the critical current density at zero field and B, is a characteristic

34



magnetic field value. For j.(T), an empirical relationship is used

Je(T) = jeo (1— <;)2>m (1.30)

Jjeo here is the critical current density at 0 K, T; is the characteristic transition
temperature. m is a constant that is usually set to 1.5 [160,161,165] or 2 [147,
166].

The above presented magnetic diffusion studies were mainly performed on
bulk type II superconductors (cylinders, rings and tubes). However, thin-walled
superconducting tubes (or pipes) are used for many other hollow cylinder ap-
plications. This thin-walled tube configuration allows to reduce the high costs
of superconducting material when it is used for magnetic shields or for "smart
superconducting grids" delivering both chemical fuel (liquid H; that doubles
as the coolant) and electricity via a superconductor [24,25]. Long pipes made
from MgB, by hydro-extrusion [25] or by coating paint [26] have been pro-
posed. Pipes coated with YBCO (YBayCu3z07_,) were also envisioned using
the metalorganic decomposition technique [27]. In such cases, it is important
to have non-destructive means with which to evaluate the intrinsic properties
of the superconducting material. Usually the properties of interest are the max-
imal magnetic field (B.) that can be screened by the superconductor (not to be
mistaken with the thermodynamic critical field), the critical current density (j¢)
vs. the magnetic field (B) dependence and the electric field (E) vs. the current
(j) power law exponent (n).

These parameters were extracted for various cylinder configurations by em-
ploying the method described in [60]. This method was applied for a systematic
investigation of the magnetic field responses of tubes with different dimensions
and different magnitudes of the applied field [28]. In [133], Fagnard et. al. in-
vestigated the magnetic field inside the cavity of thin-walled superconducting
hollow cylinders. In order to validate the numerical results, an experimen-
tal magnetic field penetration study was conducted using a Pb-doped B-2223
(Bi1.8Pbg 26S1r2CarCus0104) tube and different transient magnetic field sweep
rates. The theoretical approach used in [28, 60] was based on the calculation
of the current distribution in the bulk of the superconducting material, which,
however, is the result of discrete coupled superconducting circuits carrying dif-
ferent currents in different regions along the radial direction of superconduct-
ing tube. Thus, for tubes with various configurations, it is necessary to choose
specific discretization algorithms, which makes the calculation procedure de-
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pendent on the tube geometry. Fortunately, for a geometry like the thin-walled
tube, this description can be simplified without losing the accuracy of the cal-
culation procedure. Since the walls are thin, it is, thus, possible to assume that
there is no spatial variation of the current density throughout the thickness of
the wall. Joule heating can also be neglected, as the superconductor is effec-
tively cooled. Hence, measuring the magnetic field inside a thin-walled super-
conducting tube is particularly suited to accurately determine the properties of
the superconducting material.

The next task of this thesis was the development of a non-destructive
method for quick characterization of type II superconducting materials shaped
as thin-walled tubes.

1.5 Properties of thin-film type II superconductors

As it was shown in section 1.2, the diffusion of a pulsed magnetic field in-
duces electrical current at the surface of type II superconductors. A current
caused by high magnetic field transients can exceed the critical current causing
the superconductor to get into the flux flow dissipative state, which is associated
with heating and various electrical instabilities. These phenomena were inten-
sively studied since the discovery of HTS materials as large efforts were made
to create a technology for a commercially viable lossless transfer of electrical
energy. HTS materials are brittle ceramics and are not malleable like copper,
so to compete with it, a technology allowing to have flexible HTS wires was
needed. The first generation (1G) HTS wires are manufactured by powder-in-
tube (PIT) technology using Bi-2223 superconductor and silver [167]. This
method, however, is not optimal due to the large amount of silver needed which
increases the cost. Furthermore, Bi-2223 quickly looses its ability to carry cur-
rent in a magnetic field at the temperature of liquid nitrogen [168], which limits
the application of 1G wires in magnets. The second generation (2G) HTS wires
use epitaxial layers of YBCO deposited on thin metallic tapes. These tapes use
significantly less silver and YBCO exhibits better in-field performance, allow-
ing these tapes to be used in electromagnets and electric generators [169].

The most obvious difference between bulk superconductors and thin film
superconductors is their geometry. This difference, however, causes various
effects in thin films that are not seen in bulks. One of these effects is the de-
pendence of the critical current density on the thickness of the YBCO film,
which was first reported in [170]. It was obtained that the j. of the tape is
several times higher than that of a bulk and decreases rapidly as the thickness
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of the tape increases from hundreds of nm to a few pm. Foltyn et. al. [171]
presented a simple model to explain this effect. They argued that j. is a func-
tion of tape thickness that goes from j, at the interface with the substrate to
Jjeb (bulk value) over some transitional length and that the experimentally ob-
served j. is the average over the tape’s thickness. The reason for this, they
argued, is the induced strain at the interface between the superconductor and
the substrate. They showed that a thickness independent j. can be achieved
by using NdGaOs, a low lattice mismatch substrate [172]. They also showed
that j. can be controlled with the thickness of a PrBa,CuszO7_, (good lattice
match) buffer layer [173], confirming the interface enhancement hypothesis.
From this, they attributed the thickness effect to an excess pinning of the mag-
netic vortices by the misfit dislocations present at the interface between the
layers. A significant improvement was observed in YBCO/CeO, multilayered
structures where the j. was maintained close to the j.; due to the reintroduction
of lattice stress [168]. Kim et. al. [174] showed that a nearly constant j. () can
be achieved with metal-organic deposition as the deposited layers are porous
and strong 3D pinning is obtained through out the entire thickness.

Just as for bulk HTS, the performance thin-film HTS decreases in stronger
magnetic fields and at higher temperatures. In general, three regions are dis-
cerned. The so-called plateau region is observed in low magnetic fields and,
in this region, the critical current density weakly depends on the applied field
[168,175]. The influence of the magnetic field generated by the current in the
superconductor (called the self-field) dominates over the external field, so it has
little effect on the measured j.. At higher magnetic fields follows, the power-
law region follows where j.(B) < B~% which ends when the field amplitude
approaches the irreversibility field at which the vortices depin and a rapid de-
crease of j. is observed. A phenomenological description of j.(B) that covers
all three regions was provided by Aytug et. al. [176]

A B\ “ B\’
Jc(B)—Jco<1+BO> <1_Bm>' (1.31)

Here By represents the crossover field between the plateau and the power-law

regions and B, is the irreversibility field.

Another feature of epitaxial HTS layers is the anisotropic response to the
magnetic field. The in-field critical current density varies with the direction
of the applied field. j.(0) (O is usually defined as the angle between the ap-
plied field and the normal vector of the tapes surface) usually has a peak when
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the magnetic field is applied perpendicular to the surface of the layer [177].
This effect is observed because of the correlated flux pinning by the planar or
linear defects parallel to the substrate [168]. Aytug et. al. [176, 178] investi-
gated the effects of substrate decoration by Ir nanoparticles and obtained that
such substrate treatment results in higher, more isotropic j.(0). Matsumoto
et. al. [179] observed a broad peak centered at & = 0° (in addition to a sharp
peak at 90°) in samples where the Y,O3 nanoislands were deposited on the
substrate prior to the YBCO deposition. These nanoislands introduced linear
defects perpendicular to the tapes surface and introduced collective pinning in
this direction. Similar results were obtained by Goyal et. al. [180] in BaZrOs
doped YBCO layers. The angular dependence of HTS films limits their per-
formance in solenoid electromagnets due to perpendicular MF components at
the solenoid ends. An isotropic j.(6) with high maximum value is required.
Such properties were achieved by Horide et. al. by introduction of both BaSnOs
nanorods oriented perpendicular to the substrate and Y,O3 nanoparticles [181].

Current voltage relationships (IV’s) of thin film high temperature super-
conductors measured under current bias exhibit a discontinuous jump once the
current reaches a certain value I*, called the quench current [182]. Several
mechanisms have been proposed to explain this phenomenon. In [182,183], the
observed discontinuity in YBCO films was explained by a decreasing flux flow
viscosity due to a nonequilibrium quasiparticle distribution within the vortex
core at high vortex velocities, an effect theorized Larkin and Ovchinnikov [184].
In their theory theory, the flux flow instability is an intrinsic feature of the IV
curve. Peterson et. al. [185] found that the DC current biased YBCO IV’s
in addition to having a "jump" are also hysteretic and do not return until the
current through the sample reaches I,,. Under voltage bias, the measured IV’s
had an S shape with negative differential resistance region. In this work, the
observed behaviour was explained by a formation of a hotspot - a normal re-
gion within the layer. The discontinuity then appears with the formation of
the hotspot. In the hotspot theory, a normal region with resistivity equal to
the normal state resistivity is maintained by Joule heating caused by the cur-
rent flow until the heating power becomes insufficient to maintain the hotspot
above T¢, explaining the observed hysteresis. Hotspot theory was developed
for low-T; superconductors by Skocpol et. al. [186] Jakob et. al. [187] showed
that the observed discontinuity disappears if the measuring pulse duration is
reduced (from few ms to 50 ps) and a smooth transition is achieved. Maza et.
al. [188,189] argued that the discontinuous jump can be explained purely as an
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electrothermal instability with uniform heating of the tape when the intrinsic
IV curves are smooth and temperature dependent:

. j "
E(j,T) = Eo(T -1 1.32
Eo(T) = Ey (1—£) , (1.33)
T\
Jo(T) = ji (1—TC> . (1.34)

In this theory, the observed jump is caused by thermal runaway and is not an
intrinsic feature of the IV curve. They obtained a good agreement between
thermal theory and experiment with values of E| j| ng and n evaluated by fitting
the low current region of the measured IV’s where thermal effects are minimal.
Kiss et. al. [190] investigated quench dynamics of HTS tapes using ~ 100 pus
current pulses. They obtained, that a rapid rise in temperature can occur even
during ~ 100 ps duration measurements for sufficiently high currents. In any
case, the origin of the observed transition remains an open topic [191-194].
One way to minimize Joule heating at high electrical currents is to reduce
the duration of the current pulse. Switching from superconducting to resis-
tive states of thin film YBCO was investigated by Balevicius et. al. using 3
to 80 to ns electrical pulses. In [195], they showed that the transition to the
resistive state in YBCO films is of subnanosecond duration and happens syn-
chronously with the applied voltage impulse. This initial rise in resistance is
immediately followed by a much slower rise attributed to Joule heating. Using
3-10 ns pulses with a 0.4 ns rise time showed that the IV’s of these tapes are
arrays of straight segments whose number and slope depend on the tempera-
ture [196]. IV’s measured at different points on the sample had similar struc-
tures with segments starting at same currents indicating homogeneous voltage
drop along the sample and contravening hotspot theory. Measurements using
longer pulses (80 ns) showed that IV’s do not depend on the pulse duration
only until a certain value /.,;. Above this value, the response becomes time-
dependent and the IV’s change with the choice of time instant that they were
evaluated at. IV’s evaluated later after the beginning of the pulse lose the seg-
mented linear shape (are rounded) and show higher voltages that approach the
normal state resistivity [30]. IV’s in the high power region were investigated
in [197] using 60 ns pulses. It was found that the line array structure persists
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until up to several times higher than critical currents, until the sample is irre-
versibly destroyed at a damage current Iy. In the presented data, the samples
never their reached normal state resistance before the damage occurred. Dam-
ages to the films had a characteristic shape - one main narrow (compared to the
width of the tape) streak perpendicular to the direction of the current flow and
a smaller branchlike structure originating from it. Based on these results, it can
be argued that thermal effects start to influence the IV’s of HTS tapes <10 ns
after the excitation with a high current current and that to obtain an isothermal
IV voltage pulses with a short risetime (<1 ns) are needed. The IV should be
evaluated right after the rise time of the voltage pulse.

Usually, the duration of magnetic field pulses that II superconductors are
exposed to is in the range of milliseconds or tens of milliseconds [20,21, 161],
therefore the duration of the overcritical current pulse induced in type II super-
conductor is of the same order. In addition, the overcritical current regime is
realized at an external magnetic field, therefore, a significant power dissipation
can appear which can cause considerable Joule heating of the superconducting
material. This can deteriorate the performance of superconducting magnetic
field screens and inductive fault current limiters [17]. In these cases, heating
could be decreased by preparing films on high thermal conductivity substrates.
Among various substrates, Al,Oj3 is very attractive [198] with a low dielectric
constant € that ranges between 9.164 and 9.424, low high frequency dielectric
loss that is accompanied with high thermal conductivity (= 20 W/m-K close to
the temperature of liquid nitrogen [199]). However, specific buffer layers with
matched lattice constants are needed to deposit conventional high-T;. supercon-
ductors like YBCO or BSCCO. For this reason, the third goal of this thesis
was the investigation of electric properties of thin YBCO films prepared by
the Pi-MOCYVD technique on Al,O3 substrate with CeO; sublayer when they
are influenced by DC currents, magnetic fields and short high power electrical
pulses.

1.6 Magnetic field diffusion in coilguns

Coilguns, as the name suggests, use coils to accelerate objects. Depending
on which projectile properties they use, two groups can be identified: reluctance
coilguns and induction coilguns [200]. Reluctance coilguns use ferromagnetic
projectiles and the attractive force between them and a magnetic field source.
Induction coilguns employ conductive armatures. Figure 1.6.1 demonstrates
the operation of a pancake coilgun. Due to the Lentz’s rule, counter currents
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/J\

Figure 1.6.1. A conceptual view of a single-stage coilgun with a pancake coil
and its working principle. The induced eddy currents interact with the applied
field producing force in the opposite direction of the magnetic field gradient.

are induced inside a conductive armature to oppose the magnetic field change.
These currents, in the presence of a magnetic field, accelerate the armature in
the opposite direction of the magnetic field gradient. In a simplest coilgun case
of two coaxial current carrying loops, the force generated between them is [38]:

F=1LM, (1.35)

where I} and I, are respective currents in the loops and M’ is the mutual in-
ductance gradient between them. In a general case, the total force acting on an

armature is determined from:

F:///Q (j xB) av, (1.36)

Q here is the volume of the armature.

A major advantage of coilgun systems is that they do not require sliding
electrical contact with the projectile for current injection like in the railgun
case. This cuts down on friction force, barrel erosion and electric arcing. A big
drawback is scalability. Single-stage coilguns are limited in the amount of en-
ergy they can transfer [38] and multistage coilguns require a complicated power
supply system that follows the motion of the armature through the barrel [39].
Nevertheless, various coilgun systems have been developed. A 45 stage coilgun
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was built in Sandia National Laboratories that accelerated 340 g projectiles up
to 406 m/s [201]. Lockheed Martin and Sandia National Laboratories devel-
oped a prototype electromagnetic launcher for missile preacceleration capable
of accelerating a mass of 650 kg to a velocity of 12 m/s within 100 ms [202].
Kaye et. al. [37] reported on a project to adapt a coilgun system for conventional
mortar rounds in order to achieve greater muzzle velocities and to reduce their
variation in comparison to a conventional propellant mortar. Researchers of
French-German Research Institute of Saint-Louis have developed steerable ac-
tive armor system that launches an interceptor using coil accelerators [203,204].
A similar device was built and modelled by Zhang et. al. [205]. Coilguns are
also being considered for either land or naval based artillery [39,206].

Induction coil launchers generate current in the armature by magnetic in-
duction. The applied field, with time, diffuses into the armature due to the fi-
nite resistivity of an armature material. In synchronous wave coilguns, tightly
packed multistage launchers where the magnetic field follows the armature as
it is accelerates, magnetic diffusion causes the effect called the armature cap-
ture [207]. The eddy currents weaken and the propelling force decreases. In the
extreme case, no force is produced if the armature is completely saturated [208].
This puts a limit on how long the launch system can be if armature capture
is not accounted for. To maintain the acceleration efficiency, the accelerating
magnetic field wave is moved slightly faster than the armature by adjusting the
coil firing times to follow the not yet saturated region of the armature. The
velocity difference between the armature and the magnetic field wave is called
the slip velocity. Slipping is effective until the entire length of the armature
is saturated. To further accelerate the armature, the polarity of the current in
the subsequent coils can be reversed with a correction in coil activation timing
(equal to the slipping done) [209]. Reversing the direction of the applied field
doubles the induced current and as a result - the driving force. The downside
of this is that the induced current density is highly localized at the surface and
causes significant heating and armature can begin to melt.

Another effect related to the magnetic field diffusion and the armature cap-
ture is magnetic braking. The armature experiences deceleration after passing
a coilgun stage or when exiting the muzzle. This effect is caused by the re-
versal of the eddy current direction as a consequence of the decrease of the
magnetic flux that has penetrated the armature. This can happen because of a
decreasing current in the driving coil or in this case, due to the motion of the
armature. Several studies investigating this effect have been carried out. Zhang

42



et. al. [39] compared the simulated performance of several armature geome-
tries in a 4 stage coilgun. They showed that using a solenoid armature instead
of a single-body tube (sleeve) reduces the braking force due to a more uniform
current distribution. On the other hand, the solenoid armature did not survive
experimental testing due to the decreased structural integrity. In [207], Su et.
al. showed that the relative loss of velocity can be minimized by the choice
of system parameters, like: armature mass, capacitance of the bank, crowbar
diode resistance etc. However, the biggest improvement was observed with
solenoid armatures instead of single-body tubes.

Type II superconductors, as mentioned in previous sections, are intriguing
materials that behave very differently from normal conductors. The nonlinear
magnetic diffusion observed in these materials could be interesting in the con-
text of electromagnetic launch. Because of their different properties, the use
of these materials as armatures for electromagnetic launchers can reduce some
of the limitations encountered when using normal conductors as well as cause
some new unforeseen behaviour. At present, only a relatively small number
of investigations of the electromagnetic launch of such superconducting arma-
tures have been carried out compared to those which investigated the launch of
armatures made from normal metals. Costa Branco et. al. [210] investigated a
4 stage linear coil accelerator with YBCO armature. They found that describ-
ing the armature as a pure diamagnet (superconductor in Meissner state) failed
to explain the experimental results and that a more detailed description for the
superconductor is needed. Calculations performed by Yang et. al. [43] investi-
gated a single-stage induction coilgun with a premagnetized type Il supercon-
ducting armature described in H formulation with (1.17) E-j and (1.29) j.(B)
relationships. With their simulations, they demonstrated that a pre-magnetized
superconducting armature (using field-cooled magnetization) can be acceler-
ated more effectively by a pulsed magnetic field than an armature made from
conventional metals (in this case aluminum). However, this method of accel-
eration is more complicated in comparison to using a non-magnetized super-
conducting armature as it adds a preparation stage that requires energy. An-
other drawback when using a magnetized armature is that it can be necessary
to move the armature to the optimal trigger position after the premagnetization
process [43]. Thus, a simple non-magnetized armature acceleration method is
more preferable. However, up to now, parametric investigations of the electro-
magnetic launch of such armatures have not yet been conducted. The MFD
process during this type of acceleration is the main factor that determines the
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energy transfer from the coil to the armature and defines the ballistic character-
istics of the armature.

For this reason, the final part of this thesis was the investigation of a vertical
acceleration of a disc shaped single-domain YBCO armature using a single-
stage pancake coilgun . Magnetic field dynamics measured using a CMR-B-
scalar sensor together with displacement measurements were compared with
theoretical modelling using H formulation and FEM.
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2. RESULTS

2.1 Magnetic field expulsion from a conducting projectile in a pulsed serial
augmented railgun

A novel design of a multi-rail hexagonal railgun [5, 6] is advantageous
due to its versatility. The setup can be arranged in a segmented, multi-shot or
augmented configuration, the latter being used for the purposes of the work
presented here. In this chapter, magnetic field distribution in and around a
cylindrical conductive payload placed inside an SR\3-60 hexagonal railgun in
an augmented mode are investigated experimentally and theoretically. Time-
dependent magnetic field distributions were calculated using finite element
method (COMSOL Multiphysics AC/DC module). These calculations were
compared with experimental measurements performed using a CMR-B-scalar

Sensor array.

The results presented in the following chapter were originally published in:

V. Vertelis, G. Vincent, M. Schneider, S. Balevicius, V. Stankevi¢, and N. Zu-
rauskiene, “Magnetic Field Expulsion from a Conducting Projectile in a Pulsed
Serial Augmented Railgun,” IEEE Trans. Plasma Sci., vol. 48, no. 3, pp.
727-732, Mar. 2020, doi: 10.1109/TPS.2020.2970764 © 2020 IEEE.

2.1.1 Theory for the calculation of dynamic magnetic field distribution

To calculate the dynamic magnetic field distribution around a conductor
exposed to a pulsed magnetic field, eq. 1.6 is employed. Dynamic magnetic
fields enter a conductor via a diffusive process where eddy currents induced by
a temporal change of the magnetic field cause the generation of a field opposing
the change of the applied field inside the conductor (Lentz’s rule). Due to the
superposition of these fields, the net field is now reduced inside and near the
sides normal to the field lines and increased around the sides of a conductor.
The induced eddy currents decay with a specific time constant determined by
the conductivity of the metal. As the current decays, magnetic field penetrates
further into a conductor until a stationary configuration is reached. Now, if the
external field begins to decay, the process reverses and the induced currents try
to maintain the flux penetrating the sample.

To describe the problem mathematically, we need a set of Maxwell’s equa-

tions:
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VxE=-5", 2.1.1)

V xB=yj (2.1.2)

For low power railguns, where Joule’s heating can be neglected, the con-
ductor can be considered linear and isotropic, then using Ohm’s law j = oE in
(2.1.1) and V- B = 0 we arrive at the magnetic diffusion equation:

1 yp o 98 (2.1.3)
uo ot

where U and ¢ are the magnetic permittivity and the electric conductivity,
respectively. This equation describes how the magnetic flux density behaves
and changes in time inside a conductor. The quantity (o)~! is called the
magnetic diffusion coefficient.

Conductors moving in a magnetic field generate electromotive forces. For
our calculations we will consider the payload to be electrically isolated from
completing a circuit, so that only the screening current is flowing inside the
payload. During the operation of a pulsed augmented railgun, the external mag-
netic field is dynamic, hence the boundary condition for equation (2.1.3) is time
dependent. Though analytic solutions exist for some geometries and field pulse
shapes, numerical methods provide more flexibility.

If magnetic shielding is the main concern, the solution to equation (2.1.3)
for a geometry of interest (e.g. a hollow cylinder) gives the full temporal and
spatial magnetic field distribution. Using this enables to evaluate the shielding
performance of the design i.e. penetration depth and the magnetic transients.

We are generally interested in the field distribution around the conductor
during the magnetic pulse, but so far we’ve only got the internal part. To get
the full induced field we need to insert the solution of (2.1.3) into (2.1.2) to get
the current density distribution. The next step is to apply the Biot-Savart law:

/// J’;ﬁ; (2.1.4)

where R is a distance vector from the position of the integration kernel to the

point of interest (R = r — ") and V is the volume of the sample. Combining Bjnq
with the external field gives the magnetic field distribution around a conductor
in a pulsed magnetic field environment at a given moment.

In our calculations, a homogeneous augmentation field pulse with only a
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Figure 2.1.1. The SR\3-60 railgun [6].

z component B, (t) was assumed. An experimentally measured magnetic field
pulse was used as a boundary condition for the equation (2.1.3). The solution
for the equation (2.1.3) is a function of coordinates and time. Since the field
only has a z component, the induced current density will be equal to:

1,d d
j = - _BZ 1Ay ’__BZ s A V54 )y 2.1.
it x,y,x) i (dy (t,%,3,2), == Ba(t,%,5,2),0) (2.1.5)

We put this expression for the current density into the equation (2.1.4)
which we integrated numerically and get the field distribution:

B(t,x,y,z) = (0,0,B,(t))+

1
+ / / / W(JyRZ,—JxRZ,JXRy — JyRy)dx'dy'd? (2.1.6)

where R = (x—x',y —y',z—2) and the components of (Jy,Jy,J,) are func-
tions of the integration coordinates x’,y, z’. The integral does not need to be car-
ried out strictly over the volume of the payload. Integrating over a box around
it is enough, because the current amplitude is zero outside the payload and does
not contribute to the value of the integral.

2.1.2 The SR\3-60 railgun and the pulsed magnetic field measurement
system

The SR\3-60 is a multi-rail electromagnetic launch platform that can be
configured in multiple arrangements. This railgun has 3 pairs of 2 m long rails
offset by 60°, forming a hexagonal bore with 29 mm face to face (see Fig. 2.1.1).
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Figure 2.1.2. Cross-sectional view of SR\3-60 railgun. I4 denotes rails with
driving current used to supply the armature. I, marks augmentation rails.

Figure 2.1.3. The launch package used in the experiments of this subsection.

The package contains a copper brush armature, a 3D-printed plastic housing
and an aluminum disk payload.
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Figure 2.1.4. Side view of the SR\3-60 and sensor positioning. Side rails are
not shown.

For our experiments, the SR\3-60 was operated in a serial augmented config-
uration. The rails were short-circuited at the breech and the muzzle in such a
way that the side rails were used for field augmentation and the vertical pair
for driving the projectile. All of the rails were connected in series because of
concerns about magnetic coupling and the lack of protection against it. Figure
2.1.2 shows the cross-section of the SR\3-60 and current directions (looking
from the breech). Static experiments were performed with the driving rails
disconnected from the circuit.

For our launch package, we 3D-printed a hexagonal plastic housing (28 mm
face-to-face) for a copper brush-type armature and an aluminum payload (see
Fig. 2.1.3). The total length of the package was 6 cm. The payload was a
cylinder with a radius of 12 mm and a height of 24 mm. The cross-section of
the launch package in between the drive rails can be seen in Fig. 2.1.4. The
payload was placed inside a 3D printed sabot so that is be electrically isolated
from the rails and from the armature. The distance between the brush and the
payload was 19 mm. The total mass of the launch package was 57 g.

Though it would be ideal to measure the magnetic field in the projectile’s
frame of reference during launch, this is difficult to achieve because the sen-
sors would have to travel together with the projectile. Another way of mea-
suring the complete magnetic field dynamics would require a large number of
sensors along the bore. For simplicity, to measure the magnetic field distri-
bution around the payload four CMR sensors were placed as depicted in Fig.
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2.1.4. Four slits were milled in the glass reinforced plastic (GRP) housing in
between the top and bottom side-rails with the first slit being 88 cm from the
breech and others placed every 8 mm towards the muzzle. When inserted, the
measuring volumes of the sensors were 18 mm from the bore’s center. The rel-
atively small active volume of the sensors (0.5 mm x50 umx400 nm) provides
a localized measurement in comparison to the scale of the experiment.

Sensors based on the colossal magnetoresistance monitor the absolute value
of the magnetic field instead of its projection to the active plane. The anisotropy
of their sensitivity is negligible for fields higher than a few hundred mT making
them ideal to measure fields where the field direction is changing during the
experiment.

For static shots (no acceleration), the launch package was placed such that
the mid-point of the aluminium cylinder would coincide with the Ch1 sensor.
A series of dynamic shots (with launch package acceleration) were performed
with the distance between the center of the payload and the first sensor of O cm,

1.2cm, 6.2 cm and 11.2 cm respectively.

2.1.3 Magnetic field dynamics inside the bore of a serial augmented
hexagonal railgun

The results of static experiments are presented in Figure 2.1.5. The exper-
iments were repeated twice for every configuration and showed perfect repro-
ducibility. The magnetic field pulse generated by the augmentation coils alone
(no payload inside the bore and the driving rails disconnected form the circuit)
is depicted as a dashed line for reference. All three sensors measured identical
pulses when no launch package was present.

When performing the same measurement with the aluminum payload cen-
tered around the Ch1 sensor (with driving rails still disconnected), as expected
from considerations in section 2.1.1, close to the center of the projectile the
magnetic flux density was reduced in comparison with the reference pulse. The
difference was 300 mT (8%) at a distance of 6 mm from the projectile’s surface
at peak current measured by Ch1. Ch1 and Ch2 measurements are close to each
other while Ch3 is visibly higher. This difference from the reference measure-
ment was caused by the generation of eddy currents inside the payload, which
in turn generate additional magnetic fields of opposing direction. The differ-
ence diminished afterwards and became unnoticeable at about 1 ms where the
difference from the reference vanishes as well. At around 2 ms measurements
with the payload started to diverge from the reference by decaying slower as the
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Figure 2.1.5. Absolute value of magnetic flux density in the proximity of the
static payload, reference measurement without the payload and a result of sim-
ulation based on method described in section 2.1.1. The inset shows a zoomed
in view of the peak.

induced currents try to maintain the already captured flux. It has to be noted
that the measured current through the rails is slightly lower without than with
the launch package (10% at 3ms, 16% at 4 ms), possibly due to changes in
system resistance from shot to shot. The measurements start to diverge around
1.5 ms.

The normalized curves of the measured current and magnetic field notice-
ably differ in shape, especially around the peak. This suggests that the current
density distribution is not constant in time for this rise time. This is due to skin
effect. The tail part of the curves decay with the same rate, implying that the
current distribution becomes stationary though not necessarily uniform.

During the dynamic experiments, projectiles were accelerated to top speeds
of about 110 m/s within 4 ms with a peak acceleration of 72km/s? at peak
current. Figure 2.1.6 shows the magnetic field measurements during launch
with different projectile start positions with respect to the sensors.

The position of the projectile remains relatively unchanged for about 0.5 ms
so the initial peak can be interpreted as static. We see that the amplitude of the
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Figure 2.1.6. Absolute value of magnetic flux density measured in dynamic
experiments and the dynamics of the payload. D is the start position of the
projectile measured from the center of the payload to the Chl sensor.
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measurements, again, depends on the proximity to the payload. This decrease
is visible up to 28 mm from the center of the payload. Measurements at greater
distances reveal identical values except for the second peak. When the projectile
is centered, we can see a slightly higher field in Ch1 right after the peak current
(0.5 ms-0.8 ms) that could be caused by the payload trapping some flux.

The second bump seen at different times, (offsetting the field equally for
all of the sensors) is caused by the armature passing by the sensors. As the
projectile moves, the current carrying portion of the driving rails increases. The
different time intervals and rise angles of the second peak measured with evenly
spaced sensors are a consequence of the motion of the projectile. Differences
between measurements are most pronounced when the sensors are closer to the
armature’s starting position where acceleration of the projectile is the highest
(within 5cm). After the projectile has passed the sensors, all three pairs of
rails carry the same total current instead of just the two augmenting rails, and,
hence, the field is higher.

In order to quantitatively analyse the experimental results a numerical code
was built following the steps described in section 2.1.1. The model assumed a
pulse of spatially uniform magnetic field perpendicular to the axis of the cylin-
der (parallel to the z axis in the figures) being applied to a cylindrical payload
with dimensions matching those of the physical one. The reference measure-
ment was used as a time dependent boundary condition on a surface of a cylin-
drical domain over which the diffusion equation was solved. Eddy currents
were calculated by taking a curl of the solution to the diffusion equation and
the induced magnetic field was calculated with equation (2.1.4). For the to-
tal field value we took the superposition between the applied and the induced
fields.

The simulation results obtained from the model at sensor positions can be
seen as points in Fig. 2.1.5. Simulation results show good agreement with the
experimental measurements both in absolute value and in proportion between
the sensors. The simulation slightly overestimates the effect of field reduction
around the peak of the pulse (focused in the inset), but is quite accurate during
the tail of the pulse. The cause of this could be the fact that the augmentation
field in our experimental configuration is non-uniform. The uniform field sim-
plification is more suited for the cases where the augmentation rails are further
from the payload. Our reference measurement was taken in an area of the high-
est field (in between the augmentation rails), meaning that the magnetic field
around the sample was lower than that, hence would induce lower currents. The
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Figure 2.1.7. Comparison between experimental results and an FEM simula-
tion. The inset shows a zoomed in view of the peak.

fact that the decaying part is accurate is related to the fact that the eddy currents
are deeper inside the payload when magnetic field has diffused further into the
sample, so that their distribution has lower effect on the external field.

In order to account for the inhomogeneity of the field an FEM model was
built. We modelled a time dependent magnetic field response of a 10cm long
section of the rails with and without an aluminium payload at the center. The
augmenting rails were supplied with a current pulse of a uniform density and
a shape of the reference magnetic field measurement (peak value of 121kA,
experimentally measured - 118 kA). We are aware that this differs from the ex-
periments, but modelling the actual time dependent current density distribution
is outside of the scope of this study and would serve little purpose, since we’re
investigating the effects of the projectile.

The FEM simulation results corresponding to field values at the sensor po-
sitions can be seen in Fig. 2.1.7 and are in good agreement with the experiment.
The measurement values are, again, slightly higher those predicted by the simu-
lation. We believe that this could be a consequence of a lack of precision while
placing the sensors or the projectile as small variations in distance have notable

effects on field measurements in such a close proximity.
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Figure 2.1.8. Distribution of magnetic flux density when the railgun bore is
empty
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Figure 2.1.9. Magnetic flux density distribution in a yz plane intersecting the
center of the payload at different times of the magnetic field pulse.
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The magnetic flux density distribution calculated with an FEM solver at
peak current when the bore is empty can be seen in Fig. 2.1.8. The augmenta-
tion is providing close to 2 T in the middle of the bore where it would interact
with the driving current and 3.7 T in between the augmentation rails. This re-
sult is close to the one experimentally measured. It can be seen that the driving
rails, which in the static case do not carry the excitation current, are subject to
the transient field and are expelling it.

The Magnetic flux density distribution at different times with the payload
present are shown in Fig. 2.1.9. Initially the magnetic field is expelled from the
interior of both the payload and the driving rails resulting in magnetic field re-
distribution around them. Magnetic flux density is reduced at the poles parallel
to the z axis and increased at ones parallel to the y-axis. Deviations decrease
with time as the field penetrates deeper into the conductors. At around 2 ms the
field fully penetrates the sample. The reversal of the effect is present but very
slight and could be better seen in Fig. 2.1.7.

Initially, only thin surface sections of the payload and the rails support the
magnetic field. Later on, the magnetic field can be seen diffusing deeper into
the conductors with different rates. The field penetrates the payload faster than
the rails because the conductivity of aluminium is almost half that of copper.
Magnetic permeabilities of the materials do not play a big role because they are
effectively equal to that of free space.

These results give some insight in projectile design. Using less conductive
metals like tungsten for projectiles would minimize the effect because of the
faster diffusion. If shielding is the main concern, then more conductive ma-
terials are to be used. The most dangerous part of the pulse for electronics in
the projectile is the fast rise, because of the high induced electric field (equa-
tion (2.1.1)). Even if the field penetrates the shielding, the potential harm is
reduced due to reduced amplitudes and rise times. Locations of concern would
not be those with lower field, but rather the areas with higher field. Fig. 2.1.10
shows the magnetic flux density distribution in the yx plane going through the
center of the payload. The field is increased around the edge of the conductor
as it is expelled from its volume and needs to go around. The area between
the armature and the conductive payload would temporarily have reduced field
due to opposing field directions between the one generated by the armature and
redistributed augmentation field. This would lead to net attraction between the
armature and the payload.
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Figure 2.1.10. Magnetic field distribution in xy plane showing field concentra-
tion around the conductive payload.

2.1.4 Summary

The investigations of the magnetic field dynamics inside the bore of a se-
rial augmented hexagonal railgun have revealed that a conductive payload no-
ticeably alters the field configuration. We have calculated and experimentally
validated the transient magnetic field distribution around a conductive cylindri-
cal payload. The magnitude of the magnetic field disturbance decays sharply
with the distance from the surface of the conducting payload and is the highest
during the abrupt change of magnetic field pulse. The effect of magnetic field
expulsion should be taken into consideration when designing launch packages.
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Figure 2.2.1. Bi-2223 current leads

2.2 Pulsed magnetic flux penetration dynamics inside a thin-walled
superconducting Pb-doped B-2223 tube

Results presented in this subsection deal with the magnetic behaviour of
thin-walled superconducting tubes in transient magnetic fields. In general, the
magnetic field penetration into a type I superconductor is governed by a nonlin-
ear diffusion equation. In the case of a thin-walled superconducting tube, where
cooling is effective due to a large surface area and screening field induced in
the superconducting tube is small compared to the applied field, it is possible to
simplify this equation to a lumped parameter equation. The lumped parameter
equation can be used to describe both the induced current flowing in the tube
and the magnetic field distribution. Here it is demonstrated that a measurement
of a transient magnetic field in the inner hollow part of a superconducting tube
can be used to determine the critical current density vs. magnetic field and
the power law index of the material when analyzed with the lumped parameter
equation. The experiments were performed with a thin-walled Bi-2223 tube
submerged in liquid nitrogen using a B-dot and a colossal magnetoresistance
Sensor.

The results presented in the following chapter were originally published in:
V. Vertelis, S. Balevicius, V. Stankevic, N. Zurauskiene, and M. Schneider,

“Pulsed magnetic flux penetration dynamics inside a thin-walled supercon-
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Figure 2.2.2. Schematic diagram of experimental setup.

ducting tube,” J. Appl. Phys., vol. 127, no. 11, p. 113901, Mar. 2020, doi:
10.1063/1.5145370.

2.2.1 Experimental setup for pulsed magnetic flux measurements

For this investigation of the penetration of a pulsed magnetic field into a
thin-walled superconducting tube, a commercially available Bi-2223 supercon-
ductor tubular current lead [211] was used (photograph in Fig. 2.2.1). It was
33 mm in length and had an outer diameter of 5 mm. The tube used was made
by cutting out a section of a 70 mm tube in order to avoid the influence of the
silver contact layers deposited at the ends of the tube. The thickness of the tube
wall was 0.5 mm. A schematic diagram of the experimental setup is presented
in Figure 2.2.2. The superconducting tube was installed into a special 6 mm in-
ner diameter coaxial holder, which was placed vertically along the longitudinal
axis of a cylindrical plastic container filled with liquid nitrogen. This container
was then put inside a coil made of two layers with 25 windings in each. The
height of the magnetic coil was 10 cm and its inner diameter was 17 cm. The
coil was made from 2.2 mm diameter copper wire and had an inductance of
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395 uH. For the generation of the pulsed magnetic field, a high current pulse
generator described in [212] was used. In order to measure the current and to
calculate the applied magnetic field generated by the coil, a Rogowski coil was
mounted on one of the current pulse generator current leads.

A textolite spacer was inserted at one end of the superconducting tube to
reduce the free space inside the coaxial holder and to ensure the same spa-
tial configuration for every measurement. A magnetic field probe (B-dot or
CMR-B-scalar sensor) was inserted through the other end of the tube so that
the sensor’s measurement volume would touch the spacer. This put the sensor
about 17 mm from the end of the superconductor and in the middle of the coil-
generated magnetic field distribution plateau. The applied magnetic field was
calculated using the current flowing in the magnetic coil, which was measured
with the Rogowski coil.

The B-dot sensor consisted of a 2 mm diameter, 20 winding, 5 mm length
search coil. The uncertainty of the integration constant of the B-dot sensor and
the slow magnetic field decay at the "tail" of the magnetic field pulse were the
main sources of measurement error, which in our case was no more than 5%.
Additionally, for the measurement of the magnetic field inside the supercon-
ducting tube, we used a miniature (1072 mm? effective volume, probe radius
1 mm) CMR-B-scalar sensor, which was made from a thin nanostructured La-
Sr-MnO film, exhibiting the colossal magnetoresistance phenomenon. These
CMR-B-scalar sensors have a non-zero response to a magnetic field indepen-
dently from its orientation. This property makes them a useful measurement
tool in cases of a pulsed magnetic field, where this field simultaneously changes
magnitude and direction. These sensors can be successfully operated at room
temperatures. However, at liquid nitrogen temperature, the La-Sr-MnO film is
in a ferromagnetic state and exhibits a long-term remnant resistance relaxation
process [213]. This phenomenon needs to be taken into consideration as it can
induce additional measurement errors. In order to overcome this difficulty, a
special experimental arrangement was used, which allowed for the insertion
and removal of the superconducting tube from the cryostat without changing
the sensor’s remnant resistance.

Measurements of the pulsed magnetic field inside the superconducting tube
using the CMR-B-scalar sensor were performed in the following way: The first
step was sensor conditioning without the superconductor. For this purpose, the
sensor was cooled down to 77 K and exposed to a magnetic field pulse with a
peak value of 0.5 T. The superconductor tube was then slowly submerged into

60



the liquid nitrogen so that the CMR-B-scalar sensor would be located at the
center of the tube. After a test with the superconductor tube, the tube was then
removed, and the CMR-B-scalar sensor was calibrated using a magnetic field
pulse of a known shape and amplitude. Before each subsequent measurement,
due to the permanent magnetization of the superconducting tube, it was heated
above its critical temperature T, by withdrawing it into ambient air.

2.2.2 Theory: Lumped parameter model equation

The dynamics of the magnetic field inside a II type superconducting hollow
cylinder (tube) exposed to a pulsed magnetic field can be characterised by three
phases [214]. The first phase, called the "delay", manifests itself up to the point
in time when the maximal field (B.) that can be screened by the tube sample
is reached. The magnetic field inside the tube during this phase is negligibly
small. In the second phase, a partial penetration of the magnetic field (B;) inside
the tube when the applied field (B,) becomes higher than B, is observed. This
field (B;) then grows up to its peak value, which coincides in time with the
maximum of B,. In the third phase, the B; is decaying. The decay happens in
two periods: a fast and a very slow, which are related to the decay of B, and
the flux creep, respectively. The dynamics of the magnetic field density (B) at
any point in space during all these phases can be calculated using the magnetic
diffusion equation, which in its differential form is:

p _ 98
V x <“(V><B)> =3, (2.2.1)

where p is the resistivity of the material. For type II superconductors, p

strongly depends on the current density j. It the Ohm’s law E = pj using
an empirical power law relation (eq. 1.17):

et

where E( is the critical electric field (1 uV/cm), j and j. are the current den-
sity and the critical current density at which the critical electric field is reached
and 7 is an empirical parameter that represents the quality of the superconduc-
tor and its electric behaviour in the resistive state caused by the vortex motion.
The critical current density j. is a function of both the magnetic field (B) and
the temperature (7). For this reason, power dissipation and cooling conditions
need to be taken into consideration. The solution of equation (2.2.1), using
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relation (1.17) in the general case, requires integration according to coordi-
nates. However, a long thin-walled superconducting tube can be modelled as
a solenoid wound out of a thin wire. The equation (2.2.1) can then be trans-
formed into a relatively simple lumped parameter equation (see appendix A)
for the current flowing in one winding (I = d”j) in which the geometry of the
tube is represented by the inductance of the solenoid (L):
dl  27R-E, _ I dB,(t

LEJFWW = _d”det()' (2.2.2)

Here d is the thickness of the tube wall, R is the tube radius (R >> d)
and /s is the tube length. This makes it possible to avoid the spatial integra-
tion of (2.2.1). The inductance L can be calculated from well-known solenoid
equations assuming that the thin-walled superconducting tube is a single layer
solenoid having a finite length /; and a wire thickness of d. The main require-
ment for such approach is that the difference between magnetic field at the outer
and inner surfaces of the wall has to be small in comparison to the absolute val-
ues of these fields. This is realized if Bean’s penetration length (), which is
a function of B, as I, = B,/ (1 jc), significantly exceeds the wall thickness (d).
Thus, this "thin-wall" condition can be satisfied when B, is several times higher
than B..

Moreover, this thin wall also enables the realization of good cooling of the
superconducting material if the tube is submerged inside a liquid cooling media.
In such case, the p dependence on temperature is minimal and does not need
to be taken into account. The assumption that a thin-walled superconducting
tube can be imagined as a thin single layer solenoid in which the cross section
of each turn is d> makes it possible to easily calculate the magnetic field (B;)
in the center of the tube. This field value is then directly proportional to the
current I (B = BI) with a conversion constant (f) equal to [215]:

g Mk (2.2.3)

2d\/R? + 5
After the external field pulse vanishes (B, = 0), an analytical solution of
the trapped field decay can be obtained by solving equation (2.2.2) assuming
that j. remains constant. In this case, the expression for Bic(t) is:

1
"""Ec-2nR T
u. ] (2.2.4)

—1
Bic(t) = |:Bg + (1 _n) d2n+1Lj(r:l
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Here By is the trapped magnetic field inside the superconducting tube at the
end of the applied magnetic field pulse and j. is the critical current density at
this field amplitude. The analytic expression (2.2.4) can be used for a simple
determination of the exponent n in the empirical power law when taking the By
value from the beginning of the experimentally obtained Bj. decay curve.

To accurately measure Bj, the axial magnetic field shouldn’t vary much in
the vicinity of the measurement volume. This requirement can be achieved in
two ways: by using a small magnetic field sensor, or by increasing I, so that
the influence of the tube ends would be negligible. The influence of the tube
geometry was investigated using the numerical results obtained in [28] for thick-
walled tubes having different /s /R, ratios (R, is the average tube radius). It was
demonstrated that when ;/R, > 10, the magnetic field gradient at up to 2 R,
distance along tube’s longitudinal axis is negligible. Thus a tube, with a length
of [; about an order of magnitude higher than its radius R,, can be characterized
as a "long" tube and a sensor with dimensions that are smaller than R, can be
successfully used for the accurate measurements of B;.

The results of the lumped parameter model were compared with a 2D ax-
isymmetric finite element model (FEM) based on an H formulation [216] using
the same material properties. This model was constructed using Comsol Mul-
tiphysics software. The heating effects were also neglected. A spatially uni-
form, time-dependent external magnetic field was applied on the solution do-
main boundary. An experimentally obtained applied magnetic field pulse was
then used for the pulse shape so that the results could be compared directly.

2.2.3  Modelling of the dynamic magnetic field penetration

In order to investigate how the lumped parameter model equation describes
the penetration of the magnetic field inside a tube made from a type II super-
conductor, we took into consideration the experimentally obtained relationship
between j. and B. As is typical for its low and middle field ranges, this relation
at relatively low magnetic fields j. abruptly decreases with an increase of B,
while in the medium magnetic fields, the j. vs. B tends to saturate, so that the
Jc becomes approximately constant [217].

Figure 2.2.3 shows the calculation of the magnetic field inside the tube for
several half-sine applied magnetic field pulses when the amplitudes are in the
range where j; is constant. In such a case, the magnetic field penetration is not
well described at the low magnetic fields (i.e., at the beginning of the pulse),
but when the external flux density significantly exceeds B, and condition j, =

63



4 |lj=const. I B,
n=20 i "._‘
3
Q 9
M
1
0
0 2 4 6

t, ms

Figure 2.2.3. Simulation results illustrating the effect of a fixed duration ap-
plied magnetic field pulse (B,) on the magnetic field (B;) inside a thin-walled
superconducting tube normalized to the maximal field (B.) that can be screened
by the sample.

const. is satisfied, the lumped parameter equation is able to accurately describe
the properties of the B. dynamics. Once the external field starts to decrease,
the supercurrent changes its direction to maintain a constant flux throughout
the tube. This creates a plateau region in the B; pulse waveform. The B; value
at the plateau stays constant until the difference between B, and B; becomes
equal to B.. With a further decrease of B,, the B; begins to decrease, and the
remaining trapped flux density is then B..

The influence of n on the B; dynamics when j. is constant is presented in
Figure 2.2.4. The calculations were performed using equation (1.17) without
the implementation of the p saturation when the superconductor goes into its
normal state. In this case, the simulations were more accurate at the higher
n values, because the low n values do not produce a sharp step, thus giving a
lower resistance than one would expect from experimental observations when
Jj > je. The results obtained using a fixed magnetic pulse having a 3 ms duration
and an amplitude B, = 3B, (see Figure 2.2.3) showed that the lower n values
produce lower B; amplitudes. However, it needs to be noted that the B; value
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Figure 2.2.4. B; (normalized to B.) dynamics with different power law index
values at fixed magnetic field pulse when j. is constant.
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Figure 2.2.5. Bj (normalized to B.) dynamics with different alpha values
when the j.-B dependence is approximated by the exponential function j.(B) =
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depends on the combination of # and the time derivative of B,. For this reason,
at low B, derivatives (long duration pulses), the B; amplitude could increase
with the lower n values, but this increase is weak at n values higher than 20.

Figure 2.2.5 illustrates the B; dynamics at the low B, range when j. is a
function of B. For this simulation, the j. vs. B dependence was approximated
by using the simple exponentially decaying function, where jg is the critical
current density at B = 0 and « is the empirical coefficient, which depends on
properties of the superconducting material. This shows how abrupt the j. vs.
B dependence is. As it can be seen from Figure 2.2.5, an increase of @ makes
the B; penetration rate slower and increases the trapped magnetic field value.
With decreasing j. the duration of the plateau region also decreases. For very
low values of j. the plateau could become hard to measure, but a plateau is a
sign that the sample remains superconducting at that field. Thus, the parameter
showing the abruptness of the j. vs. B dependence is the main variable when
fitting the experimentally obtained B; dynamic curves.

2.2.4 Experimental magnetic flux dynamics and evaluation of an in-field
critical current density

Figures 2.2.6 and 2.2.7 show the experimental measurements of B, and B;
when the superconducting tube was cooled down to 77 K. These measurements
were performed using a B-dot sensor at two different magnetic field pulse dura-
tions (= 3 ms and 8 ms). A very similar behaviour of B; was also recorded using
the CMR-B-scalar sensor (see Figure 2.2.8), thus showing that the dimensions
of the B-dot sensor are sufficiently small. The experimental B; pulses were
fitted with the simulation curves obtained from equation (2.2.2), where the fit-
ting parameters were the j.(B) dependence and the n value. The other constant
parameters used for these calculations are given in Table 1.

As an additional validation of this lumped parameter equation approach, the
experimentally measured B, and B; time derivatives (Figure 2.2.9) were com-
pared with the simulations using a finite element model and the lumped param-
eter equation (2.2.2). In the case of the B-dot, the magnetic field time derivative

Table 1. Values used to fit experimental data with the lumped parameter model.

L I R d Je(B)
262pyH 33mm 2.25mm 0.5mm Fig. 2.2.11
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Figure 2.2.6. The B; dynamic measured using a B-dot sensor when the B, pulse
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Figure 2.2.7. The B; dynamic measured using a B-dot sensor when the B, pulse
duration was ~ 3 ms. The B, is marked with symbols and the numerical fits
based on equation 2.2.2 are represented by the black dotted lines.
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is the directly measured quantity so the comparison between the measurement
and the models is more accurate than using the integrated signal. Moreover,
as it can be seen from Figure 2.2.9, the magnetic field derivative inside the su-
perconducting tube is more sensitive to the peculiarities of the B dynamics and
shows a sharp spike with a higher amplitude at the moment when the magnetic
field penetrates into the superconductor than in the case of an unscreened ex-
ternal field. The plateau region before the field starts to decrease is also more
pronounced in the derivative of the field. At around 1.8 ms, a region where
the derivative is zero can be seen, indicating that the sample remains supercon-
ducting, while it is hard to tell from the integrated signal (Figure 2.2.7).

The best fit of the experimental curves was obtained at n = 20. This means
that the flux creep is small in the sample and that the sample exhibits Bean-
like behaviour. The results presented in Figures 2.2.6, 2.2.7 and 2.2.8 show
that the experimentally measured B; dynamics are in good agreement with the
calculations, which confirms the validity of the application of the power law
and the isothermal simplification assumed in the case of the investigated super-
conducting tube. The simulation results also agree well with the experimen-
tal measurements when predicting the trapped flux. The measured remaining
flux density fluctuated from 2.9 mT to 3.7 mT, while the simulations predicted
2.9 mT to 3.3 mT for the short pulses and 1.5 mT to 3 mT for the experimental
and 2.6 mT to 3.4 mT in the simulations for the longer ones, confirming that
the lumped parameter method is capable of predicting the persistent currents
and in turn, the trapped field in dynamic conditions.

The third phase of the B; dynamics, i.e., the decay of B; over time after the
end of the applied magnetic field pulse, was investigated using the CMR-B-
scalar sensor. Figure 2.2.10 shows the results of this decay measurement using
an applied magnetic field pulse of 19 mT amplitude and 3 ms duration. The
dashed line in Figure 2.2.10 shows the calculation using formula (2.2.4), which
is in good agreement with the measurement results when the values used to
fit the data are such as are given in Table 2. This confirms the validity of the
assumptions made in order to get the analytical formula (2.2.4) for the B; decay
process.

Table 2. Values used to draw the theoretical curve in Figure 2.2.10.

By n Je B
4.82mT 20 5.8MA/m2 2.5mT/A

69



—— CMR measurement
— = =Theory
5
F
S 4 l 1
o
3 v L
2 i i i i
4 5 6 7 8

t, ms

Figure 2.2.10. The B; decay after the applied magnetic field pulse. Comparison
between the CMR-B-scalar sensor measurement and the analytical expression
(2.2.4).

These measurements and simulations make it possible to evaluate the power
law index n and j. vs. B dependence. Figure 2.2.11 presents this dependence
as triangles, which was obtained using two applied magnetic field pulses with
different pulse durations and amplitudes (3 ms, 8 ms and 77.5 mT, 125 mT re-
spectively), when the power law index n was equal to 20. As can be seen for both
pulses, the j. vs. B dependence value and the shape is the same and does not de-
pend on the parameters of the magnetic pulse being used. Thus, in our case, the
magnetic pulse parameters (derivative and amplitude) were not critical for the
investigation of the properties of the thin-walled superconducting tube material.
Figure 2.2.11 also shows a comparison of the results obtained from fitting the
experimental results with simulations using the lumped parameters equation
and the properties provided in datasheet of the tube manufacturer (diamonds).
Our investigations showed a very similar j. vs. B dependence behaviour, but
about a 20% lower j. value, which can be explained as the different magnetic
field orientation to the electrical current flowing in the superconductor. This
phenomenon was demonstrated in the Bi-2223 tubular current leads when the
magnetic field was applied parallel and perpendicular to the tube axis [218].
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Figure 2.2.11. The j. vs. B curves obtained from fitting the experimental data
using the lumped parameter equation. The square shape dots show the j.(B)
values presented in the datasheet of the superconducting tube manufacturer.

2.2.5 Summary

Experimental and theoretical investigations of the pulsed magnetic field
penetration dynamics conducted on a thin-walled tube made from a type Bi-
2223 superconductor have demonstrated that the lumped parameter approach
is capable of describing the magnetic field dynamics and the trapped flux inside
this tube. It is possible to evaluate the j. vs. B dependence and the exponent
n in power law of the tube material from a single measurement. With further
development, this method could be used as a quick non-destructive way to check
the quality and to characterize such superconducting tubular samples.

71



2.3 Effects of high current and magnetic field on thin YBCO films prepared
on a Al,O3 substrate with a CeO, sublayer

The magnetic behaviour of type II superconducting bulks can be explained
by the intrinsic properties of the material. However, direct nondestructive
measurements of these properties in bulk samples are problematic and the
measured properties are volume-averaged. In this section, thin YBCO films
prepared on Al, O3 substrates with CeO; sublayers carrying overcritical current
and exposed to magnetic fields were studied both in DC and pulsed current
regimes. The observed behaviour is analyzed theoretically in the context of
self-heating using isothermal current voltage characteristics obtained using
nanosecond duration electric pulses.

The results presented in the following chapter were originally published in:

V. Vertelis et al., “Superconducting protector against electromagnetic pulses
based on YBCO film prepared on an Al,O3 substrate with a CeO, sublayer,”
Supercond. Sci. Technol., vol. 34, no. 3, p. 035007, 2021, doi: 10.1088/1361-
6668/abd459.

2.3.1 Preparation technology of thin YBCO films and superconducting
microbridges

The PI-MOCVD method was used for the preparation of both the CeO,
sublayers and the YBaCuO films. The layers were deposited on a single crystal
Al,Os3 substrate. The deposition of the CeO, sublayer and the YBaCuO film
was done in—situ at 750 °C substrate temperature. The CeO; sublayer thickness
(h) was 140 nm or 480 nm. For the preparation of the YBaCuO film, the metal
organic precursors with Y:Ba:Cu = 1:1.6:1.6 and 1:2.0:1.6 content were used.
After the deposition of the YBaCuO film, thickness of which (d) was 440 nm, it
was annealed in an O, atmosphere for 30 min. The annealing temperature was
the same as for the deposition (750 °C). The analysis of the YBaCuO film per-
formed using the reflection high-energy electron diffraction (RHEED) method
showed spot-like intensive diffraction patterns (see Fig. 2.3.1 a), indicating that
the films were of perfect structure and high surface roughness. An investigation
of the film surfaces by an atomic force microscope (AFM) also demonstrated
that the films consisted of microcrystallites oriented in mosaic-like morpholo-
gies, which were different for different thicknesses of the CeO, sublayers (see
Fig.2.3.1 b and ¢).
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Figure 2.3.1. a) A RHEED pattern obtained from a 440 nm thick YBCO film.
It was prepared using 1:1.6:1.6 precursor ratio on a 650 nm thickness CeO;
sublayer. b) and c) show YBCO film surface images obtained by AFM, when
the height (h) of the CeO; sublayer was 480 nm and 140 nm for samples Sla
and S4a, correspondingly.

Figure 2.3.2. Top view of the YBCO strip-like microbridges used for the inves-
tigation of their electrical properties.
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Figure 2.3.3. Schematic diagram of the setup used for the investigation of the
YBCO strip-like microbridge I-V characteristics at different temperatures, low
DC current, presence of a magnetic field and high voltage nanosecond duration
pulses.

After deposition, the samples were shaped by conventional photolithogra-
phy as 3 mm length (/) and 60 um or 100 um width (w) strip-like microbridges
with contact sites at their ends (see Fig. 2.3.2). The contact sites (1x1 mm
square) were covered with a 2 pm thick silver film deposited using thermal vac-
uum evaporation. After that, the samples were annealed for 20 min in an oxygen
atmosphere at 420-450 °C temperature.

2.3.2  Experimental setups for investigating the electrical properties of thin
YBCO films

For the characterization of the electric and magnetic properties of the
YBaCuO films, the experimental setup presented in Fig. 2.3.3 was used. This
setup consisted of two parts: one for the measurement of their IV characteris-
tics using DC current and a magnetic field and the other that used high voltage
nanosecond duration electrical pulses. In both of these measurement regimes,
the sample was mounted inside a closed cycle He cryocooler “Janis” in order
to perform the investigations at different temperatures, which could be varied
from 4.2 K to 300 K.

The resistance (R) vs. temperature (7') dependences in the DC case were
investigated using the two-terminal method when the applied current was 0.1
mA in a temperature range from 40 K to 150 K. The voltage drops and current
through the samples were recorded by means of a multimeter. The IV charac-
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Table 3. Sample parameters for YBCO films with CeO, sublayer. d and & are
YBCO and CeO; thicknesses, respectively.

Sample Y:Ba:Cu d, nm h, nm w,um  Tc; —Tea, K A(TS), K

Sla 1:1.6:1.6 440 650-700 100 89.8 —72 17.8
S1b 1:1.6:1.6 440 650-700 60 89.7—-69.5 20.2
S2a 1:1.6:1.6  440-480 650 100 88.3-72.1 16.2
S3a 1:2.0:1.6 440 650 100 84.2—-73.3 10.9
S4a 1:1.6:1.6 440 140 100 90 —83.8 6.2

teristics were measured using a slow ramp signal generated using a digitally
controlled power supply. For the investigation of magnetic field influence on
the electrical conductivity of the films, the microbridges were placed inside an
external magnetic field (B,,), which was directed perpendicular to the micro-
bridge plane and was changed from zero up to 0.7 T (see experimental setup in
Fig. 2.3.3). During these measurements, the electrical current flowing through
the samples was kept constant at 0.75 mA.

Strong pulsed electric field measurements were performed using pulses
with rectangular shape and durations of about 10 ns, 0.5 ns rise times and ampli-
tudes up to 1 kV. These pulses were generated in a 50 ohm coaxial transmission
line by means of an electromechanical Hg relay. For IV characteristic measure-
ment, the samples were mounted in a special wide band (~10 GHz) co-planar
holder and connected in series with the transmission line. Measurements were
performed in a temperature range from 20 K to 80 K.

In order to measure the sample resistance, the amplitudes of incident U,
and transmitted U, pulses were measured using a signal splitter with a 1:80
ratio and two separate channels of a high-speed Tektronix DPO 70604 oscillo-
scope. The voltage drops (Uy) and current (/; ) in the samples were calculated
using following formulas: Us = 2(U;, — Uy,) and Iy = U, /Z. Here Z was the
impedance of coaxial transmission waveguide and was equal to 50 Q.

2.3.3 Electrical properties at DC electric current and magnetic field
Zero external magnetic field (bias current 0.1 mA)

The typical resistance (R) vs. temperature (7') dependences measured for
the investigated YBCO microbridges are presented in Fig. 2.3.4. The main pa-
rameters of the samples used for this investigation are shown in Table 3. As it

75



1.00

0.75

Q

o~
~ 0.50

0.25

Sda

0.00 : :
50 60 70 80 90 100

T,K

Figure 2.3.4. Dependence of electrical resistance (R) on temperature (7') of
investigated microbridges (parameters are presented in Table 3) prepared on
Al,Os3 substrates with CeO, sublayers. The insert shows the dependence of the
resistivity (p) on temperature (7) for the microbridges with different widths
(Sla; w =100 um ,S1b; w = 60 pum (pink)).

can be seen from Fig. 2.3.4, the R = f(T) dependences exhibit three regions:
the metallic normal state (NS) obtained at temperatures higher than 7¢; , the
transient state (TS), which covers temperature range from 7¢; to Tco, and the
superconducting state (SS) appearing below T¢,. The T¢; was determined as a
temperature at which the linear decrease of the samples resistance with temper-
ature in NS transforms to the abrupt decrease of this resistance down to the zero
resistance SS state. The T¢; corresponded to the highest temperature where the
sample resistance in the frame of measurement accuracy is zero.

According to the results shown in Fig. 2.3.4, the resistance and the
corresponding resistivity of the films in NS was higher for films deposited
on the larger thickness of the CeO, sublayers and prepared using 1:2.0:1.6
precursors content (samples S3a and S4a). The increase of B, in the precursors
content from 1:1.6:1.6 to 1:2.0:1.6 led to a decrease of NS resistivity by about
two times, but it did not radically influence the 7¢| and T, values. Meanwhile,
films prepared on lesser (140nm) thickness CeO, sublayers demonstrated a
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significant increase of T¢y and T¢p. As it is can be seen from Fig. 2.3.4 and
Table 3, the temperature range of the TS state A(TS)=T¢; — Tco is smaller
for samples with lower NS resistance. It was obtained that in the case of
S1 type films microbridges having 60 um width exhibit higher resistivity
in comparison to that of 100 um wide microbridges. As this parameter is
important for a fault current limiter’s attenuation value, it was decided to
perform further investigations only on microbridges with a width equal to 100
um. The insert in Fig. 2.3.4 shows how the resistivity (p) of the film depends
on T for superconducting samples having different widths when the thickness
of the CeO, sublayer 4 was constant.

DC external magnetic field (bias current 0.75 mA)

Fig. 2.3.5 a), b) shows the magneto-resistive effect of YBCO film manifest-
ing as a change of microbridge resistance AR(B,,) = R(B.,) — R(0) (here R(B)
and R(0) are the resistance of the microbridge at fixed and zero magnetic field,
respectively) at external magnetic field (B,,). The AR vs. B,, dependences for
the superconducting microbridge S1a were measured at two different temper-
atures ranges: (I) 7 < T¢p and (II) Tep < T < Tcp. It was obtained (see Fig.
2.3.5 a) that the AR vs. B, dependences of the temperature range I are well ex-
pressed in the low resistivity region (close to zero in the frame of measurement
method sensitivity (= 0.05 ), which does not depend on the magnetic field
values up to the critical magnetic field B.. An increase of the temperature (T)
led to a decrease of the B, value as B. ~ B[l — (T /T.)?] (see Fig. 2.3.5 c).
Here B is a constant and 7. is the critical superconductor temperature. It is a
fitting constant describing the thermal properties of B, and should not be con-
fused with T¢; or Teo. At magnetic fields higher than B, the superconducting
film was transformed into the resistive state, which starts as a linear AR depen-
dence on B, and transforms at higher B, to nonlinear behaviour. The increase
of T produced a more abrupt AR vs. B,, dependence and larger range of AR in
the linear part of AR vs. B,y curve. At T = T¢», the AR as a function of B, is
linear in the whole B,, range. In the temperature range II, a further increase of
temperature showed a decrease of the magneto-resistive effect (see Fig. 2.3.5
b) and a change of the linear AR vs. B, dependence to AR« Bi){ ? behaviour.

High current (up to 200mA) regime
Fig. 2.3.6 shows the voltage (V) vs. current (/) characteristics of a mi-

crobridge Sla measured at different temperatures. These characteristics were
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Figure 2.3.5. a), b) Resistance change (AR) dependence on the external mag-
netic field (B,y) at different temperatures of a microbridge Sla. c) shows the
critical magnetic field (B.) dependence on temperature ina 1 — (T /T;)? scale.
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Figure 2.3.6. The IV characteristics of a microbridge S1a at different substrate
temperatures. The circles correspond to measurements performed at zero mag-
netic field, the squares at B, = 0.7 T. Solid lines are simulations obtained using
isothermal IV curves measured by ns duration pulses.

measured in a stabilized voltage source regime in two cases: at zero external
magnetic field and when B,, was 0.7 T. As it can be seen from Fig. 2.3.6, they
were S-shaped, having a branch with negative differential resistance. The criti-
cal current (/) at which the negative differential resistance appeared decreased
with an increase of temperature 7" and the B,, value.

Kinetics of the microbridge resistance (triggered by a B, = 0.75 T field)

When a superconducting bridge, kept at a constant current /, that is less than
I.i, was affected by an external magnetic field (B,,), an instability was observed
as a resistance increase over time. This phenomenon is demonstrated in Fig.
2.3.7, which shows the time evolution of R when S1A microbridge was exposed
to a0.75 T DC external magnetic field for 4.45 s. Below I, =4 mA, the increase
of the R caused by the external magnetic field did not induce any R changes over
time; however for higher I, values, the B, induced a time dependent growth of
R, which started at the beginning of the B,, application. This growth tends to
saturate when I,<l;. However, at I,=I;; (=12 mA), after a relatively slow R
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Figure 2.3.7. Time evolution of the superconducting YBCO microbridge Sla
resistance after it was exposed to a 0.75 T DC external magnetic field. Dashed
lines are simulation results using I'V curves obtained with nanosecond electrical
pulses.

increase at the beginning of the magnetic field influence, the dynamics of the R
time evolution drastically changes, demonstrating a fast growth of R over time.

2.3.4 Resistive state induced by high voltage nanosecond duration electrical
pulses

Fig. 2.3.8 demonstrates the typical waveforms of the incident and trans-
mitted electrical pulses at low (Fig. 2.3.8 a) and high (Fig. 2.3.8 b)) current
regimes when the microbridge is cooled down to 60 K temperature. At 1< L,
there is no difference in the waveform of these pulses; however, the amplitude
of the transmitted pulse is slightly lower than the incident pulse amplitude. It
corresponds to an attenuation of about 0.2 dB being introduced by the supercon-
ducting microbridge in a 50 Q impedance transmission line. This is the result
of a contact pad resistance and the small impedance change at the intercon-
nection between coaxial cable and strip-like sample holder. When I>> [, the
difference between amplitudes of the incident and transmitted pulses strongly
increases and a large attenuation (12 dB) is induced in the transmission line.
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Figure 2.3.8. Waveforms of the incident and the transmitted pulse when mi-
crobridge S2a, cooled down to 60 K, was connected in series to a 50 Ohm
impedance transmission line: a) low current / < I, regime, b) high current
I > I regime.
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Figure 2.3.9. The IV characteristics of microbridge S2a measured at different
time instances.

Moreover, the waveform of the transmitted pulse demonstrates a slow voltage
decrease over time.

When > I, the IV characteristics are different when measured at different
time instants from the beginning of the current pulse (see Fig. 2.3.9). It shows
that thermal effects (Joule heating) play a significant role when the current den-
sity through the 100 um width microbridge exceeds =~ 4.5-10° A/cm? (I =~ 200
mA). Consequently, for the investigation of the IV characteristics in which the
influence of Joule heating is negligible, measurements performed shortly after
(= 1 ns) the start of the pulse are preferable.

Fig. 2.3.10 a) shows the IV characteristics measured for the S1a sample
at different temperatures when the incident electrical pulse rise time is ~ 1
ns. These characteristics were typical for all investigated samples and, as it
can be seen from Fig. 2.3.10 a), consisted of an assembly of straight line seg-
ments whose number and angle to the current axis increased with an increase
of the microbridge temperature. Such shapes of the IV characteristics were
obtained earlier in [196] for polycrystalline YBCO films prepared on NdGaOs
(NGO) substrates and were explained by the motion of the vortices associated
with various pinning centers having different pinning strengths, which were
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Figure 2.3.10. IV characteristics of S1a sample measured at the end of a square
waveform electrical pulse rise time (= 1ns). b) The logarithmic plot of these
IV characteristics.
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uniformly distributed in the superconducting film. The number of centers that
can be depinned increases when the temperature of the film approaches 7;. For
this reason, at temperatures near 7 , the total IV characteristic becomes highly
nonlinear and can be described with high enough accuracy by the power law
V o I". This can be seen from the logarithmic plot of the IV characteristics
presented in Fig.2.3.10 b. Moreover, this plot shows that the IV characteristic
consists of two straight lines: one, which manifests itself at the beginning of
the V-I curves and does not depend on the temperature and corresponds to the
Ohm’s law (n~1), the other corresponding to the power-law of type Il supercon-
ductors. The Ohm’s law part of the IV characteristic shows initial attenuation
(about 0.3-0.7 dB), which, as it was mentioned earlier, has to be associated with
the microbridge’s electrical contact areas and transmission line cable intercon-
nections.

The analysis using this plot (see inclusion in Fig.2.3.10 b) showed that an
increase of temperature (7") linearly decreases the power-law index n as:

n=ng—oT. 2.3.1)

Here o and ng are constants. Meanwhile, the critical current (/) depends
nonlinearly on temperature as:

4
T
I = I [1 - T} . (2.3.2)

The I in formula (2.3.2) is a function of magnetic field induction (B).

The results presented in Fig. 2.3.8-2.3.10 show that YBCO films prepared
on Al,Os substrate with CeO, sublayer can be used as protectors against sub-
nanosecond rise time electrical transients. Fig. 2.3.11 demonstrates how mi-
crostrips prepared from different films are able to induce attenuation in a 50 Q
transmission line when pulsed overcurrent is produced during subnanosecond
time. For comparison of the attenuation properties, microstrips Sla, S2a, and
S4a were cooled down to 70 K. The attenuation using microstrip S3a is pre-
sented for two temperatures 70 K and 80 K. According to Fig. 2.3.11, larger
attenuation was realized using microstrips, whose films exhibit a wider TS tem-

perature range.
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Figure 2.3.11. Attenuation of 50 ohm transmission line (L) vs. incident pulse
voltage (U;) for different microstrips prepared using films listed in Table 3.

2.3.5 Evaluation of thermal and non-thermal effects

This investigation demonstrated that thin submicron thick YBCO films pre-
pared on Al,O3 substrates with CeO; sublayers exhibit superconducting prop-
erties below temperatures ranging from 72 K to 84 K for different content of
metal organic precursors and CeO, thicknesses. The significantly wider tem-
perature range of TS for films prepared on thicker (440 nm) CeO; sublayers in
comparison to the films deposited on thinner (140 nm) CeO, layers show that
these films contained large numbers of structural imperfections having differ-
ent superconducting properties. In case of the 140 nm thick CeO; layer, better
matching of the lattice constants between the YBCO films and this layer is thus
achieved, which makes it possible to prepare more perfect films having higher
critical temperatures and lower TS temperature ranges. Moreover, an insert in
Fig. 2.3.4 shows that films have macroscopic inhomogeneity of the properties
resulting in wider TS temperature range for lower w microbridges. Also, it has
to be stated that the less perfect films are preferable for certain applications as
they can provide larger protection of the electrical circuits due to their wider
resistive IV characteristic state and thus be triggered more easily by an external
magnetic field.
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The application of an external DC magnetic field (B,,) induces the resistive
state (RS), the appearance of which can be well explained in terms of magnetic
flux flow. When B,, is applied at temperatures below Tco, the critical mag-
netic field (B.) obtained from the AR vs. B, dependences, fit the classic rule
B ~ B[l — (T /T.)?]. According to the data presented in the insert of Fig.
2.3.5 for sample Sla, the Tz = Tcp = 72 K. At T < Ty, if Bex was higher when
B, the linear increase of resistivity with B, would demonstrate the validity of
the Bardeen-Stephen model typical for flux flow in dirty superconductors [51].
The nonlinear behaviour of AR vs. B,, at higher B, was also obtained in [219]
and explained by the interaction between some vortices, which start to move
at the banks of the grain boundary and contribute to higher voltage along the
sample. In our case, such boundaries could be related to the structural imper-
fections of wide TS range films.

In case when Tcp < T < 11, some part of the microstrip is in a normal state
and the contribution of the magneto-resistive effect to the total resistance of the
microstrip decreases. This is a result of essentially different behaviour of the
magneto-resistive effect, i.e. a decrease of the AR value with the increase of mi-
crostrip temperature 7. Moreover, because the other superconducting regions
of the microstrip are close to their critical temperature of the superconducting
to normal state transition, the external magnetic field is sufficiently strong and
nears the critical field Hcy of type Il superconductors. In this case as it was
shown in [220], the reduction of the number of the quasiparticles participat-
ing in the energy dissipation in the d-wave vortex state produces the flux flow
resistivity o< B;){z behaviour.

The electrical characteristics of the strip-like microbridges measured using
DC bias exhibited strongly non-linear behaviours. We assume that the negative
differential resistance region in the V-I curve (Fig.2.3.6) as well as the resis-
tance instability (Fig. 2.3.7) is the product of the current-induced flux flow
resistive state and the thermal heating of the film, which is uniform along the
whole microbridge length. Such model was successfully used to explain the IV
characteristics of similar microbridges with widths ranging from 10 to 100 um
made from 0.15 um thick epitaxial YBa;Cu3O7_, films grown on SrTiO3 sub-
strates [188,189]. We also reject the “hot spot” phenomenon during the thermo-
electrical instability in our modelling, because, as it was shown in [221], there
was no additional voltage jump in the V-I characteristics at the investigated
temperature range.

For the numerical simulations of the microbridge behaviour, we used the
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isothermal power-law relationship for type II superconductors obtained using ns
duration pulses (as suggested in [189]) with the experimental critical current I,
and the power-law index n dependences on temperature (see Fig. 2.3.10 b). As
the experimental curves were double valued in voltage, an equation for current
was used derived from the power law equation (1.17):

I=1I.(T) ()m (2.3.3)

here V; is the critical voltage (E./= 0.3 uV) and [ is the current at which V,
is reached. The resistance (R;) of the microbridge obtained from Ohm’s law is
the following:

R(T) = V"D (1)), (2.3.4)

In order to simulate the V-I characteristic and the time evolution of the mi-
crobridge resistance, we calculated the temperature change of the microbridge
when it was affected by the electrical current. This was done by using a heat
balance equation where the increase in heat (dQ/dr) is equal to the difference
between the Joule heating (V/) and Newtonian cooling (kAT'), assuming that
the specific heat (C) of the YBCO material linearly increased with the temper-
ature as:

C(T)=79T +Cy (2.3.5)

where ¥ and Cy are empirical constants. Taking formulas (2.3.1) and (2.3.2)
into consideration and expressing V from eq. (1.17), we obtained the following
equation for the calculation of the temperature (7') vs. time (¢) dependence:

dT(l) Vcln(T(l))-‘rl

Ddy— = (YT (1) +Co) = L(T(0) ") k(T (1) - T,). (2.3.6)

Iw

Here dy is the microbridge thickness, D is the density of the YBCO material, k
and T are the heat conductance and temperature of the substrate, correspond-
ingly.

For the simulation of the resistance dynamics when the microbridge was
triggered by a pulsed magnetic field, the equation (2.3.6) was solved numeri-
cally. The solid line curves in Fig. 2.3.7 show the modelling of the dynamic
resistance response to the magnetic field pulse. At low currents (/ <4 mA), the
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value of the steady state resistance did not change with the applied magnetic
field. At such times, the influence of the Joule heating induced temperature
increase is negligible. However, at higher currents ranging approximately from
4 mA to 11.5 mA, the value of the steady state resistance reached after several
seconds is the result of both the magnetic field and the increase of the micro-
bridge temperature.

The essential change of resistance (R) vs. time (¢) dynamic behaviour ob-
served when under the influence of a 12 mA current can also be explained on
the basis of the electro-thermal instability model. The solid line curve in Fig.
2.3.7 shows the simulation results using equations (2.3.4), (2.3.5) and (2.3.6),
demonstrating that the resistance grows relatively slowly at the beginning of
magnetic field pulse and transforms into a rapid, avalanche-like increase of the
resistance due to the heating of the tape. It has to be noted that both “saturating”
and “unstable” types of R vs. ¢ dependences shown in Fig. 2.3.7 demonstrate
qualitative agreement with microbridge temperature vs. time dependences pre-
dicted in [189], which additionally confirms the electrothermal origin of the
instability.

The IV curves measured using DC were calculated by substituting the em-
pirical I.(T') and n(T') laws (eq. 2.3.1 and 2.3.2) into the power law equation
(2.3.3). In the DC case, each point in the IV dependence is stable because the
YBCO microbridge is in thermal equilibrium. For this reason, the d7 /dt term
in equation (2.3.6) is zero. This makes it possible to obtain a steady state tem-
perature of the film (7%,), which depends on the power (P = IV dissipated in
the film as Ty, = IV /(wlk) 4+ T;. The final equation for the current voltage re-
lationship was obtained using 2.3.3 and replacing 7 in (2.3.1) and (2.3.2) by

Tys.
- et Vo (1= L[V o s
V. <0 T. |klw * B o

This equation was solved numerically with respect to / for V values that ranged
from 0 to 2 V while looking for the smallest positive root using Newton’s itera-
tion method. Experimental coefficient values were used for these calculations.
The results are presented in Fig. 2.3.6 (black lines) and show good agreement
with the measurements. This demonstrates that the IV curve peculiarities in
the DC mode can be well explained by Joule heating due to the induced flux
flow resistance.
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2.3.6  Summary

The properties of thin YBCO films prepared on Al,O3 substrates with
CeO; layers by the PI-MOCVD method strongly depend on the content of the
MOCVD precursors and the thicknesses of the CeO, sublayers. These factors
influence the film’s morphology, resistivity in their normal state, the critical
temperature of superconductivity and the temperature range of the transition
from normal to the superconducting state.

The exposure of a YBCO film cooled down to a superconducting state to
an external DC magnetic field slightly higher than the critical one causes a lin-
ear magneto-resistive effect, which is in accordance with the Bardeen-Stephen
model typical for flux flow in superconductors. If the film is in the tempera-
ture range of superconducting to normal state transition, this corresponds to the
condition where the external magnetic field is close to the upper critical field of
type Il superconductors and the resistance change due to the magnetic field is
proportional to the square root of this field. That is typical for d-wave vortices
appearing due to the reduction of the number of the quasiparticles participating
in the energy dissipation.

The current-voltage (IV) characteristics of microbridges made from these
films obtained using DC electrical current have demonstrated S-shaped be-
haviours, which can be triggered by an external magnetic field and be well
explained by the thermo-electrical instability appearing as a result of the uni-
form Joule heating of the flux flow-induced resistive state of the superconduct-
ing film. Meanwhile, the resistive part of the IV characteristics measured using
high voltage nanosecond duration electrical pulses consists of several straight
lines and is a result of the heating free flux flow. This resistive state is wider for
films with large temperature ranges of superconducting to normal state transi-
tion. These films are preferable for the design of fault current limiters as they
exhibit low voltage thresholds and higher possibilities of transmission line at-
tenuation.

The low dielectric constant and the high thermal conductivity of Al,Os3
substrates with submicron thick CeO; layers make it possible to design multi-
use superconducting protectors based on YBCO microbridges, which are able
to protect high frequency "front-door" transmission lines against ultra-fast high
voltage transients and low DC currents faults.
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2.4 Electromagnetic launch of cylindrical type II superconducting armatures
using single stage pancake coilgun

This subsection introduces to the behaviour of a type II superconducting
armature when accelerated vertically by a pulsed magnetic field generated
by a single-stage pancake coil. This study is performed using a numerical
MEFD finite element simulation and an experimental study of the magnetic
field dynamics at the center of the pancake coil when the payload was a
superconducting disc made from YBCO, cooled down to 77 K. The dynamic
magnetic field measurements were performed using a CMR-B-scalar sen-
sor, which was specifically manufactured in order to increase the sensor’s
sensitivity in the range up to 500 mT. The experimental results are used to
validate the numerical model and to extend the study outside the experimental
capability range. The effects of driving current amplitude, pulse duration and
pulse shape are investigated and compared between both normal metal and
superconducting armatures.

The results presented in the following chapter were originally published in:

V. Vertelis, S. Balevicius, V. Stankevic, N. Zurauskiene, and M. Schneider,
“The Application of a CMR-B-Scalar Sensor for the Investigation of the Elec-
tromagnetic Acceleration of Type II Superconductors,” Sensors, vol. 21, no. 4,
p. 1293, 2021, doi: 10.3390/521041293.

2.4.1 Single stage pancake coilgun with a disk-shaped YBCO armature:
Experimental setup

The electromagnetic acceleration of the superconducting armature was per-
formed in a vertical arrangement. This allowed for easy cooling and did not
require any mechanical guides for the armature. Moreover, by measuring the
highest altitude reached by the armature and its time of flight, it was possible
to easily evaluate the mechanical energy applied to the armature by the elec-
tromagnetic acceleration. The schematic diagram of the experimental setup
used for these investigations is presented in Figure 2.4.1a. The magnetic field
source used was a 13-turn pancake coil, made from an enameled copper wire
(2x4 mm). The coil had an inner diameter of 1 cm, an outer diameter of 6.2 cm
and was glued to a textolite housing, which was hollowed out to accommodate
the pancake (the housing is not shown in Figure 2.4.1a). The distance from the
top of the pancake coil to the top of the housing was 2 mm. The isolation gap
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Figure 2.4.1. Experimental setup: schematic diagram and geometry of the coil-
gun (a), normalized current pulse produced by the pulse forming unit (black
curve) and typical displacement measurements (b). An electrical diagram of
the pulse forming unit is presented in (c).

between coil windings was about 0.1 mm. The container for the liquid nitro-
gen, which served as a cryostat, was made from polystyrene and was mounted
on top of the housing. The base of the cryostat on which the YBCO sample
rested had a thickness of 5 mm; thus, the total distance between the surface of
pancake coil and the superconducting armature was /., = 7 mm. The cryostat
was closed with a lid, leaving an 8.5 cm distance for the projectile to travel
vertically inside it.

For the superconductor launch experiments, a commercially available bulk
single domain seed melt grown YBCO sample with a critical temperature of
~90 K [222] was used (seen in fig. 2.4.2). The sample had a disc geometry
with a diameter of dp = 50 mm, a height of 4p = 15 mm and a mass (m) of
171 g. The disc was cooled down by slowly dripping liquid nitrogen onto it
until the nitrogen began to wet the YBCO surface, after which the nitrogen was
poured onto it until it was submerged. The experiments were performed once
the nitrogen boiled off and was no longer visible at the bottom of the container
in order to avoid any drag caused by the residual nitrogen.
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Figure 2.4.2. Bulk single domain seed melt grown YBCO samples. One on the
bottom has an aluminum reflector attached.

Power to the pancake coil was delivered from a pulse forming unit (PFU).
A schematic electrical circuit of the PFU is presented in Figure 2.4.1c. The
PFU generated a single, tooth-shaped current pulse with a ~16 ms rise time
and a ~150 ms decay (“tail”’) (see black curve in Figure 2.4.1b). The PFU ca-
pacitor bank was rated for 5 kV charging voltage and was able to produce about
a 2.5 T amplitude magnetic field pulse at the center of the pancake coil. The
PFU was equipped with a large (23 mH) pulse forming inductance (compared
with the 4.53 pH of the pancake coil) in order to reduce the superconductor’s
influence on the total inductance of the circuit. This allowed the use of a stan-
dard pulse shape, regardless of the amplitude of the pulse or the presence of the
superconducting armature. To minimize the influence of the mechanical stress
on the superconductor created by the transient magnetic field, the amplitude of
the magnetic field pulse used for the EM acceleration was no more than 0.35
T. This magnetic pulse amplitude was able to launch the superconductor to the
upper limits of our measuring range.

The CMR-B-scalar sensor used for the pulsed magnetic field measurements
was made from a 0.4 um thick La-Sr-Mn-O (LSMO) film grown onto a poly-
crystalline Al O3 substrate by the pulsed injection metal-organic chemical va-
por deposition technique [223]. For the relatively low magnetic field values
(up to 0.3 T) used in our experiments, it was necessary to have an extremely
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sensitive sensor. This was achieved by using a special chemical content of the
film, i.e., Lag g2Stp.1sMn; 1503 with Mn excess. According to [224], the mag-
netoresistance of films with this content at room temperature is about 30 %
higher compared to films with stoichiometric Mn content. Another specific fea-
ture of our experiment was the highly inhomogeneous distribution of the mag-
netic field in the space between pancake coil and the superconducting armature
where the sensor was placed. In such case, the accurate measurement of the
local magnetic field requires a sensor with an extremely small active volume.
For this reason, we used a CMR-B-scalar sensor with the following dimensions:
400 um width, a 50 um gap between electrodes and a 0.4 um thickness. The
effective volume of such sensor, estimated by using its highest dimension as its
diameter, was ~ 10~2 mm?.

Manganites (LSMO) below the temperature of the transition from the para-
magnetic to the ferromagnetic states (71,) exhibit remnant magnetization [213].
Therefore, special procedures of calibration were required to avoid memory ef-
fects when the sensor was used at cryogenic temperatures [225]. This compli-
cated the use of the CMR-B-scalar sensor in the vicinity of a superconductor
cooled down to a liquid nitrogen temperature. To circumvent this, the CMR-
B-scalar sensor was placed on the central axis of the pancake coil outside the
cold zone, so that only the sensor’s encapsulation touched the base of the cryo-
stat. Thus, the active volume of the sensor was at a 7.5 mm distance from the
bottom of the superconducting disc-shaped armature. As the temperature of
the CMR-B-scalar sensor did not get much lower than room temperature, the
sensor demonstrated no memory effects.

It should be noted that the magnetoresistance effect in such thin manganite
films has a very low anisotropy (less than 2%) to the direction of the magnetic
field when the value of this field is higher than 1 T [226]. However, for lower
fields, this anisotropy increases with the decreasing magnitude of the field, and
in our case was about + 10%. In order to decrease the measurement error due to
this anisotropy, we placed the sensor so that the thin film plane was perpendic-
ular to the symmetry axis of the pancake coil. We estimated that a ten degree
change in the field direction produces about a 0.3% measurement deviation
from the real value.

For measurements of the vertical displacement of the superconducting ar-
mature, an analogue IR distance sensor was placed in the middle of the cryostat
lid. This sensor measured the intensity of the reflected infrared light, which is
a distance-dependent quantity. The bore of the cryostat was covered with an
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IR absorbing coating to reduce the background signal of the distance sensor.
A reflector made from thin aluminum foil was mounted on the top surface of
the YBCO disc to increase the reflectance and in turn, the signal at greater
distances.

Our experiments began with the cooling procedure described above. Once
the liquid nitrogen had mostly boiled off, the capacitor bank was charged to the
desired voltage. After the liquid nitrogen was no longer visible at the bottom
of the cryostat, the cryostat was carefully closed with the lid. The estimated
disk temperature based on a measurement made using a resistive thermometer
Pt-1000 placed at the bottom of the disk was ~76.6 K. Then, the capacitor
bank was discharged through the pulse-forming inductance connected in series
with the pancake coil. Typical disc trajectories can be seen in the top right
of Figure 2.4.1b (colored solid curves). Artifacts seen in the trajectory after
armature touchdown were caused by a physical rebound from the bottom of the
container. After the experiment, the sample was repositioned and resubmerged
in nitrogen for a consecutive test.

2.4.2 Motion of the superconducting armature and magnetic field dynamics

Disk displacement (D) studies were performed in the free flight regime
when the drag force caused by the surrounding nitrogen gas was negligible.
To avoid any rotational motion of the disk-shaped superconducting armature
that could lead to an unreliable signal from the IR sensor, the disk center, the
pancake coil center and the magnetic field sensor were placed along the same
axis. The experimental armature displacement vs. time curves are presented in
the top right of Figure 2.4.1b. They consisted of several peaks, the first of which
shows the armature movement due to the electromagnetic acceleration, while
the others are the result of the disk bouncing from the bottom of the cryostat.
As it can be seen, the front of the first peak exhibits two phases: a relatively
slow (delay) altitude change that lasts approximately 15 ms after the beginning
of the current pulse and corresponds to the current pulse rise time, and a fast
phase, which lasts up to the time instant when the armature reaches its high-
est altitude. The displacement growth during the delay phase was more abrupt
at higher capacitor bank charge voltages. The fast phase of the displacement
curve can be well approximated by a parabolic law that is typical for free fall
at the surface of the Earth.

Maximum displacements (D,,) in addition to direct readings of the IR sen-
sor (labelled “Voltage” in Figure 2.4.3) were also estimated from the flight du-
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Figure 2.4.3. Maximum displacement (D,,) reached by the superconductor for
different capacitor voltages. The height calculated from the flight duration is
labelled “Timing”. “Voltage” corresponds to the height measured by the sensor,
and “Simulation” shows the results obtained from modelling with j.=5 - 108
A/m?.

rations (labelled “Timing” in Figure 2.4.3) as the lift-off and touchdown events
could be clearly identified from the displacement curves. The values of D,, for
different capacitor charge voltages (from 1 to 1.3 kV) are presented in Figure
2.4.3. The experimentally used capacitor voltages corresponded to the 450,
490, 530 and 570 A current amplitudes I, flowing through the pancake coil.
At higher charging voltages, the armature rose past the distance sensor calibra-
tion range, which covered nearly the whole cryostat. For voltages below 1 kV,
the displacement readings were too small to be reliable, and no displacement
was observed for voltages below 700 V when the Lorentz force was smaller than
the weight of the YBCO disc. “Timing” and “Voltage” approaches gave similar
results. D, appeared to follow a nearly linear trend with increasing capacitor
voltage within the investigated voltage range.

Figure 2.4.4 shows the results of the magnetic field measurements using a
CMR sensor placed, as shown in Figure 2.4.1a, during experiments with and
without the superconductor. In the case of an empty cryostat experiments (la-
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Figure 2.4.4. Magnetic field dynamics: the blue curves show the measured field
with the empty cryostat. The green curves represent the measurements during
the acceleration of the superconductor. The dashed lines are the simulation
results of the reference field and the field during superconductor acceleration
(je=5-10% A/m?) for the corresponding capacitor charge voltages.

belled “Without SC”), the magnetic field pulses had the same waveforms as
the current pulses flowing through the pancake coil. Introducing the super-
conductor significantly changed the magnetic pulse waveforms coming from
the empty cryostat case. The superconducting disk caused a decrease in the
magnetic field magnitude. This decrease was strongly expressed in the begin-
ning of the magnetic field pulse and partially covered the pulse decay period.
The difference between the reference field magnitude (“Without SC”) and the
one during launch (“With SC”) gradually disappeared as the superconducting
armature moved away from the pancake coil and its influence on the field in
the sensor position diminished. The time until the magnetic field value for
“Without SC” and “With SC” became the same, decreased with the increasing
capacitor bank charging voltage and was approximately equal to the delay time
visible in the displacement vs. time curve (see Figure 2.4.1b). This shows that
the electromagnetic interaction between the coil and the superconducting disk
mainly took place during this time period.

2.4.3 Modelling the superconducting armature using H formulation

The behaviour of our experimental setup was also investigated numerically.
Figure 2.4.5 shows the principal geometry used in our modelling. The dimen-
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Figure 2.4.5. Model geometry: the superconductor domain is represented by
the grey square, and the air domain is left white.

sions of the superconducting domain used for simulation were the same as that
of the sample’s used in the experiments. The nonlinear eddy current problem
was solved in the armature’s frame of reference using Maxwell’s equations in
their H-formulation (H-form) in 2D axis-symmetric form using Comsol Mul-
tiphysics commercial software:

VXEHLa;ZO 2.4.1)

VxH=j (2.4.2)

Here, E is the electric field (bold symbols represent vectors), u- the mag-
netic permeability, H - the magnetic field and j - the current density. Different
E substitution laws were used for the air and superconductor domains. The air
was described as having linear resistivity £ = p j, while a power—law relation-
ship was used for the superconducting domain.

E—E, (m) Jd (2.4.3)
Jje ) il

Here, E is the critical electric field (by convention 1 uV/cm), j. is the cur-
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rent density at which the critical electric field is reached and # is a parameter that
describes the “hardness” of the superconductor and models the “steepness” of
the superconducting-normal transition. Generally, j. depends on the magnetic
field and the temperature. These dependencies were neglected in our model,
and a constant j. was assumed. This is physically accurate when the sample
does not heat up, and a slowly varying region of the j.-H curve is reached.

The H-form problem is a boundary value problem with a boundary condi-
tion [162]:

H(r,z,t) = Hsc + Hpc (2.4.4)

Here, Hgc is the magnetic field generated by the eddy currents inside the
superconductor and Hpc is the field generated by the pancake coil. Hpc is the
product of the current pulse IympG(d - t) (Iamp is the amplitude of the pulse, G
represents the pulse waveform seen in Figure 2.4.1b, ¢ is the time and d is the
pulse duration multiplier. d = 1 corresponds to the experimental pulse). The
magnetic field generated by the coil thus was:

Hpc =F(r,z+1lca +D(t)) - LimpG(d - 1) (2.4.5)

Here, the F(r,z) is the spatial magnetic field map of the pancake coil, which
was calculated separately. Hgc was calculated in a separate A formulation mod-
ule (magnetic fields in AC/DC module) using the current density calculated in
the H-form module as an input and treating the entire model domain as air to
avoid a secondary generation of eddy currents.

The electrodynamic problem was solved in the superconductor’s frame of
reference, offsetting the magnetic field map by the solution of the mechanical
problem D(t) for each time step. The displacement, velocity and acceleration
were calculated from the Lorentz force, taking gravity into account. Since the
problem is axially symmetric, the dynamic equation for the vertical displace-
ment (D) was:

d*D(t) ,
m— o= /(Je -UH,)dV —mg (2.4.6)
Here, m is the disk mass (in our calculations 171 g), and jg and H, are current
density and magnetic field components in 8 and r directions. V is the disk
volume, and g is the standard gravity (9.8 m/s?).
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2.4.4  Analysis of mechanical energy transfer to the superconducting
armature

For the analysis of the experimental results presented in Figures 2.4.1-2.4.4
(D vs.t, Dy, vs. capacitor bank voltage U and B vs. ¢ at sensors position), we
performed calculations using the mathematical procedures presented in sec-
tion 2.4.3. In our model, the superconductor was described by two parame-
ters: j. and n. The value of the parameter n was chosen to be 20, because at
that value, it describes a hard super-conductor with a flux-creep regime [130],
which is the most common kind supported by the literature [43,216,227]. The
dashed curves in Figure 2.4.1b show the modelling results of the D vs. ¢ de-
pendence. As it can be seen, it well demonstrates all the features of the disc
movement obtained experimentally (delay and parabolic phases). Good quanti-
tative agreement (in the frame of experimental error) between the experiments
and the calculations was achieved using jo=5-10% A/m?. In order to estimate
how reasonable this value was, we calculated the j. using the trapped magnetic
field (B; = 1.2-1.3 T) measured at 77 K temperature 1 mm above the super-
conductor’s surface, which was included in the data sheet provided by the disk
manufacturer [222]. This estimation was performed using an analytical formula
(2.4.8) derived from the Biot—Savart law by its direct integration over a cylin-
drical domain populated by a constant current density directed azimuthally:

—cosO(z—7
l‘l’jC “ 2m d 1 C?S (Z Z) / / / /
B(0,z) = // / 5\ —sinb(z—2') pr'drdedz,
dr Jo Jo J-a r’2+(z—z’)2 ,
v -
(2.4.7)
. 2B, a2+ (z—d)?+a @+ (+d)?+al)
=22 (z—d)1 —(z+d)1
Je u <<Z Jin z—d (z+d)In z+d
(2.4.8)

Here B; is the trapped field, a is the radius of the disk, d is its half height
and z is the distance between the center of the disk and the point at which the
trapped field was measured (on the central axis of the disk). A j. in the range
1.2-1.3-108 A/m? was obtained. A four times higher j. value that was satis-
factory to match our modelling with the experiments can be easily explained
by the significantly lower magnetic field (0.35 T) in our experiments than the
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one generated by the magnetized sample according to the datasheet. Such bulk
superconductor j. behaviour was provided by the disc manufacturers in [228].

Using fixed j. and n values (5-10% A/m? and 20, respectively), the ob-
tained simulations were in good agreement with the experimental data (max-
imal displacement D,, for different U) that is presented in Figure 2.4.3. D,,
was evaluated from the calculated D vs. ¢ curves, taking the peak value. Mod-
elling based on equations presented in section 2.4.3 allowed the simulation of
the magnetic field dynamics measured by a CMR-B-scalar sensor (see Figure
2.4.4) in both the “Without SC” (dashed—dotted curves) and “With SC” (dashed
curves) cases. As itcan be seen from Figure 2.4.4, the B vs. t dependences mea-
sured during the launch of the superconducting disk can be well described by
simulations using the same j. and n parameters that were used for the simula-
tion of D vs. t and D,, vs. U.

Good agreement between the simulation and the experimental results
demonstrated that the modelling method in the armature’s frame of reference,
neglecting Joule heating, is suitable for the study of the behaviour of type II su-
perconductors during an electromagnetic launch. In the following sections, we
present theoretical studies of this configuration, which were outside the lim-
its of our experimental capabilities. We investigated different scenarios with
different pancake current waveforms: "step-like" (1 ms rise time) and "experi-
mental" (Figure 2.4.1b). In addition, we investigated the effects of critical cur-
rent density, armature starting distance from the driving coil and pulse duration
using the experimental current pulse waveform. The performance of the super-
conducting armatures was compared with Cu and Al armatures of the same
geometry, cooled to 77 K.

Influence of j. on Energy Conversion

In a vertical acceleration arrangement, the total mechanical energy is the
sum of its kinetic energy and potential energy. During acceleration, this en-
ergy evolves over time until a steady value W,,, is reached. This energy value
depends on the electromagnetic energy generated in the pancake coil and the
electromagnetic interaction between the superconducting armature and the coil.
With a fixed coil current pulse waveform, the amplitude /,,,, and the armature
geometry W, depends only on the magnitude of j.. Calculations of the j. in-
fluence on W,,,; transferred to the armature at different coil current amplitudes
were performed using experimental armature geometry at two starting distances
from the surface of the pancake coil and the superconducting armature: 7 (our
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Figure 2.4.6. The influence of the critical current density on the total mechan-
ical energy transferred to the superconductor for different current pulse ampli-
tudes and starting heights. The symbols represent the simulation data. The
lines are the logistic function fits (y(x) = (¢; —¢2)/(1+ (x/x0)”) + ¢2).

experimental condition) and 5 mm, presented in Figure 2.4.6. Initially, as can
be seen in Figure 2.4.6, an increase in the j. leads to an increase in W;,, trans-
ferred to the superconductor, but with sufficiently high j., this transfer tends
to saturate. This can be explained by the decrease of the magnetic field pen-
etration depth, which becomes shallower and approaches a surface field limit
due to the increase in the j.. This depth then again increases with the field am-
plitude and the surface current limit is pushed to higher j. values. As can be
seen in Figure 2.4.6, under otherwise identical launch conditions (pulse wave-
form and amplitude), a decrease in the distance between the pancake coil and
the superconducting armature /., increases the W,,, value. Lowering the /.4
by 2 mm causes increases in the W, of about 40%, 27% and 22% for pulse
amplitudes of 0.53, 1 and 1.5 kA, respectively. These results indicate a way of
making more economical launch systems. Relatively high launch efficiency can
be reached using a superconductor with a relatively low j. Thus expensive, high
Jo armature material could be replaced by materials with a lower j. without a
significant decrease in the launch efficiency.
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Figure 2.4.7. The influence of the current pulse amplitude on the total mechan-
ical energy transferred to an armature made from a type Il superconductor,
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Effects of Pulse Amplitude

To investigate the behaviour of an electromagnetic superconductor launch
in a broader range, we performed numerical calculations outside the current
amplitude range that our experimental setup could withstand. Two sets of /.4
and j. were investigated (7 mm with 5-10% A/m? and 5 mm with 3.55 - 10’
A/m?). The first one corresponded to the experimental conditions. The second
set produced values of W,,;, which were close to those obtained in the experi-
mentally investigated scenarios, only with a 2 mm shorter starting distance /4.
This set illustrates the worst case that could be justified by experimental error.
The performance of the superconductors was also compared with armatures of
the same geometry, which were made from copper and aluminum, the materi-
als most commonly used today. We assumed the temperature of liquid nitrogen
for all of the materials to make the comparisons fair. Masses and resistivities
of the armatures used in the simulations were m= 264 g and p = 2.65- 107
Qm for copper and m= 79.5 g and p = 4.44-10~° Qm for aluminum. The
results obtained from the simulations are presented in Figure 2.4.7 (points up
to 600 A correspond to the experimental values). As can be seen, an increase
in the current amplitude resulted in a higher energy being transferred to all the
armatures. For the superconducting armatures, this increase is larger in the
lower amplitude range (W, o< I;,,%p) and reduces to a nearly linear relationship
for the first parameter set and a sublinear one for the second set. Supercon-
ducting armatures performed better than the normal metal ones at these lower
current pulse amplitudes in both cases. This advantage decreased with the cur-
rent pulse amplitude, and in the second parameter set case, copper overtook the
superconductor at I,,,, ~ 3.7 kKA. By extrapolating the data, copper is expected
to overcome the superconductor at 43 kA in the first parameter set case.

The Influence of Pulse Duration

The energy obtained by the superconducting armature due to electromag-
netic acceleration depends on the duration of the coil current pulse. In addition,
the launch process is complicated by the large magnetic field gradient through
which the armature passes during acceleration. To investigate how W;,,; depends
on pulse duration (d), we performed calculations using pulses with a fixed cur-
rent pulse amplitude (1.5 kA) and the waveform shown in Figure 2.4.1b, scaled
in time by a factor of d. d is the relative pulse time duration, and its value rep-
resents how many times the pulse duration is shorter. The experimental pulse
duration was taken to be d = 1.
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Figure 2.4.8. The influence of pulse duration on the total mechanical energy
transferred to armatures made from type II superconductor, copper or alu-
minum. The pulse amplitude was 1.5 KA. [.4=7 mm,j.=5 - 108 A/m? (a) and
l.4=5 mm, j.=3.55-107 A/m? (b).
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Figure 2.4.8 illustrates the effects of the d value on W,,; in each of the pa-
rameter sets. In the case of the first parameter set, the superconductor outper-
formed the metal armatures within the entire investigated duration range. How-
ever, this advantage of the superconducting armature was lower in the case of
the second set of values and disappeared when the pulse duration was four times
shorter. The metal armatures also showed improvement when brought close to
the field source due to the increased magnetic coupling. All of the materials
exhibited a peak in their W,,, vs. d dependence. The superconductor peaked at
a ~2 times shorter pulse for the first set and ~1.5 times shorter for the second
one and was ~3 and ~1.5 times more effective than the Cu armature at the same
pulse length. Such behaviour can be explained by examining both the very long
and the very short pulses. At the very short magnetic field pulses, the armature
can be considered stationary throughout the pulse. In such cases, the force ap-
plied to the armature is proportional to the amplitude of the field for both the
metal and superconducting armatures. When the pulse amplitude is kept con-
stant, an increase in the pulse duration acts only by increasing the interaction
time between the coil and the armature, which increases the energy transferred
to the armature. However, under the action of a long pulse, the position of the
armature cannot be considered static. At a certain moment, the driving force
overcomes gravity, and the armature starts to move away from the coil. As it
does so, the coupling to the coil decreases and the utilization of the remaining
part of the magnetic field pulse for the energy transfer becomes smaller. In the
metal armature cases, this increase in the pulse duration also reduces the driv-
ing force as the eddy currents decay over time and the field penetrates deeply
into the armatures. This explains why metal armatures peaked at higher val-
ues of d. The results obtained show that the superconductor can be effectively
accelerated using slower magnetic pulses. This opens up possibilities of using
cheaper power sources, which do not require fast, high power switching to drive
the coil.

Step-Like Field Pulses

The effects of pulse duration showed that the superconducting armature is
better than the metal ones at longer pulses. For this reason, we investigated the
effects of step-like (rise time of 1 ms) current pulses and their amplitude. This
pulse shape has both a high magnetic field transient in the beginning of the
pulse and a constant field afterwards. The results for this scenario can be seen
in Figure 2.4.9. Initially, the energy transferred to the armature increased with
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the increasing magnitude of the applied field. For the first set of parameters,
Wior for the superconductor increased with 1,,, by a power of 1.7, while for
the metals, this power was 2.3. In case of the second set of parameters, the
power index of this relationship for metals did not change much and stayed
at about 2.5. For the superconducting armature, the initial growth power of
~1.5 decreased with I,,,, and W;,; and began to decrease for the higher values
of Iyp. The superconductor outperformed the metals until the amplitude of
the step reached ~7.5 and ~1.15 kA for the first and second parameter sets,
respectively. This relatively low current crossover point was in part caused by
the strong braking of the superconducting armature (see analysis presented in
the next section).

Magnetic Braking

The magnetic braking phenomenon is important for the operation effective-
ness of inductive electromagnetic launchers. It is caused by the interaction be-
tween an armature and the magnetic field source when the flux that has already
penetrated the armature begins to decrease. Magnetic field penetration into the
armature is called armature capture [207]. At a certain acceleration stage, it
decreases the armature driving force and, consequently, the efficiency of the
synchronous wave induction coilguns, which use metal as the material for the
projectile. During electromagnetic acceleration, the flux through an armature
can decrease due to the decrease in the external field when the driving current
begins to fall or due to its motion in a large magnetic field gradient. When this
flux starts to decrease, a counter current is induced. This current then flows in
the same direction as the current in the coil, and an attractive force component
is introduced. In some cases, this attractive force can overcome the propelling
force, and the armature is decelerated.

We obtained that this breaking phenomenon in the case of the supercon-
ducting armature is well expressed in the case of step-like pulses. Figure
2.4.10 illustrates the evolution of the mechanical energy (Wi (1) = Wiineric () +
Wootentiai (1)) over time when a superconducting armature is being accelerated
by a step-like pulse, using the second set of parameters. It depicts the transition
between no braking and the considerable braking regimes. For low current am-
plitudes, the W, steadily approaches a constant value (W;,;). The W, vs. t de-
pendences at higher current amplitudes have a maximum (W,,,) that is reached
in the beginning of the acceleration, after which they decay to a steady value of
W0, which we consider to be the total energy transferred to the armature. The
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Figure 2.4.10. Evolution of the mechanical energy of the superconducting ar-
mature over time when the armature was accelerated by a step-like driving cur-
rent pulse. [.;4=5 mm, j.=3.55-107 A/m?.

energy lost to magnetic braking or the braking energy is the difference between
the W,,,o and W,,;.

No magnetic braking was observed in the critical current density parametric
sweep. The values of W, for all the other investigated scenarios can be seen in
Figure 2.4.11. The strongest braking was observed using step-like pulses when
W, increased with I, by the power of ~3.5 and ~3 for the first and second
sets, respectively, for the superconducting armature. This strong dependence
was the reason why W, started to decrease with the higher values of /,,,, when
using the second set. Meanwhile, metals showed a nearly linear behaviour. It
needs to be noted that even though the power of the relationship was higher for
the superconducting armatures, they lost less energy than the metals along a
wide range of 1,,,,. Magnetic braking could be minimized by rapidly switching
the driving current off when the acceleration of the superconducting armature
approached zero.

No braking occurred using the first set of j. and /.4 for the superconducting
armature when the simulations were performed using the experimental pulse
waveform. It was, however, observed when using the second set of parameters.
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Figure 2.4.11. Total mechanical energy lost to magnetic braking. The green
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In this case, the W}, followed a parabolic behaviour (o< I;,,%p). Meanwhile, the
braking energy for the metals again satisfied a nearly linear trend.

For the pulse duration sweep, the W, of the metal armatures was similar
for both starting distances. The superconductor did not show braking with the
first set of parameters. The W, seemed to approach a maximum for high 4 and
decreased as d approached 0 with the second set. This behaviour of W, can
be explained in the same manner as in the case of W,,,. At short pulses, the
braking energy is mainly dependent on the interaction time and increases with
the increasing pulse length. For long pulses, the armature moves away from
the coil, thus reducing the magnetic coupling and thereby reducing the energy
transfer between the coil and the armature.

Figure 2.4.12 shows the induced current density distributions along a verti-
cal line at r = 1 cm at different time instances when armatures were accelerated
by an experimental pulse with an amplitude of 3 kA. The current density in the
Cu armature (as well as in all other normal conductors) decays both in time and
along the line, going deeper into the sample. This results in the current density
being strongest near the bottom of the sample, where the magnetic coupling
to the driving coil is the strongest. In the superconducting armature case, the
current density distribution is rectangular and close to j. in magnitude. A high
dB/dt induces an overcritical current density that is highest near the driving
coil. This current also decays in time, but the decay rate is negligible below j..
The result of this is the generation of two opposite currents circulating within
the superconductor, which are located near the surface when the magnetic pulse
begins to decrease. For this reason, there is always a non-negligible accelerat-
ing force component that mitigates the braking, and superconductors lose less
Wy, than the metals. It follows that larger W, should be expected in situations
where the magnetic field penetration depth is large, as the accelerating current
would then be situated further away from the coil. This argument agrees well
with the braking results discussed earlier (note W, vs. Iy, dependences for
experimental and step-like current pulses).

Overcritical current densities have to produce substantial Joule heating in
the superconductors due to the power-law E-j relationship. For this reason,
rapidly changing magnetic field pulses should be avoided, as it increases the
armature temperature and lowers the j.. This could damage the armature due
to thermal shock. A reasonably slow magnetic field ramp-up to a constant value
would mitigate this problem. This field should move synchronously with the
superconductor to produce constant acceleration.
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Figure 2.4.12. Current density distributions in the copper and superconducting
armatures (second set of parameters) along a vertical line 1 cm from the center
at different times when accelerated by an experimental current pulse of 3 kA
amplitude. /,4=5 mm, j.=3.55-107 A/m.

The nonhomogeneous current distribution in the armature is important not
only for the magnetic braking phenomenon but also for the optimal armature
geometry design. Figure 2.4.13 shows the current density distribution within
a superconducting armature (j.=3.55- 107 A/m?) 200 ms after a 3 kA experi-
mental pulse. The regions carrying no current only contribute to the total mass
of the projectile and are not utilized for its acceleration. The magnetic field
did not fully penetrate the superconductor in any of the regimes tested. This
suggests that an armature geometry optimization is required to achieve efficient
and cost-effective launch setups. The optimized shape will depend on the mag-
netic field distribution, its amplitude as well as the critical current density of
the superconductor.

The examples discussed in this paper illustrate the main differences be-
tween normal metals and type II superconductors in coil accelerator applica-
tions. When normal metals are used, the induced current density is proportional
to the magnetic field derivative and the resistivity of the material. Due to re-
sistive losses, the field diffuses into the normal metals. When superconductors
are used, the eddy currents are limited near the value of j. by the highly non-
linear E-j relationship (equation 2.4.3). For these reasons, these two kinds of
materials behave differently in coilgun scenarios. Normal metals require the
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Figure 2.4.13. Current density distribution within the superconducting arma-
ture for an experimental current pulse with an amplitude /,,,=1.5 KA, [.4=5
mm, j.=3.55-107 A/m?, at t=0.2 s after the beginning of the pulse.

transient magnetic field to be accelerated, while superconductors can be accel-
erated by a time constant field (provided it has a gradient). This modifies the
requirements for coilgun design and the design of its power supply. A slow field
ramp-up is desired to avoid armature heating. A magnetic field wave of a con-
stant amplitude travelling synchronously with the superconducting armature
would provide constant acceleration without a time limit in contrast to normal
metals where the acceleration decreases due to the armature capture.

2.4.5 Summary

In this subsection, we investigated the behaviour of an electromagnetically
accelerated disk-shaped superconducting YBCO armature cooled to 77 K. The
acceleration was performed in a vertical arrangement using a single-stage pan-
cake coil. The vertical displacement of the disk was measured using an IR
distance sensor, and the magnetic field was measured using a CMR-B-Scalar
sensor with small dimensions, which was able to measure the local magnitude
of the magnetic field independent of its direction. It was observed that the
motion and the magnetic field dynamics agreed well with the numerical sim-
ulations based on Maxwell’s equations in their H-formulation, assuming that
the superconductor is a nonlinear conductor with a power-law E-j relationship
using realistic values of j.. The numerical investigations showed that a higher
critical current density of the superconductor increased the mechanical energy
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transferred to the superconducting armature. This energy, however, had a limit
for a given accelerating coil current pulse and armature starting position. The
performance of the superconducting armature was numerically compared to
normal metal armatures, cooled to liquid nitrogen temperature. This compari-
son showed that an increase in the current amplitude resulted in higher energy
being transferred to all these armatures. For the superconducting armature,
this increase was larger in the lower amplitude range and then was reduced to
a nearly linear or sublinear relationship depending on the parameter set used
for the calculations. Thus, the use of superconducting armatures was advan-
tageous in the lower pulse amplitude range. Investigations of the influence of
the pulse duration performed using pulses with a fixed current pulse amplitude
and an experimental waveform demonstrated that the superconductor outper-
forms normal metals when accelerated by magnetic pulses with smaller time
derivatives. Simulations using a step-like driving current pulse also revealed
that superconductors again outperform normal metals using lower current am-
plitudes. The range in which they did so was, however, reduced by the strong
magnetic braking caused by persistent currents. The mechanical energy lost to
the magnetic braking had the strongest dependence on the pulse amplitude for
step-like pulses, where the interaction was not mitigated by the reduction in the
driving current. As eddy currents in type II superconductors do not decay past
the critical current density, the use of superconducting armatures reduces the
armature capture limitation and can increase the effectiveness of synchronous
induction coilgun launchers.
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GENERAL CONCLUSIONS

A Cylindrical aluminum payload causes a noticeable disturbance of the mag-
netic field dynamics inside the bore of a serial augmented hexagonal railgun
that is the highest during the abrupt change of magnetic field pulse and de-
cays sharply with the distance from the surface of the payload. This should be

considered when designing launch packages.
The lumped parameter approach is capable of describing the magnetic field

dynamics and the trapped flux inside a thin-walled superconducting tube. The
critical current density - magnetic field relationship and the power law expo-
nent can be evaluated using a single magnetic pulse measurement inside a

tube.
Thin YBCO films prepared by the PI-MOCVD on Al, O3 substrates with CeO,

layers below their T.exposed to a DC magnetic field slightly higher than B,
display a linear magneto-resistive effect in accordance to Bardeen-Stephen

model.
Thin YBCO films prepared by the PI-MOCVD on Al, O3 substrates with CeO;

layers exposed to DC voltage exhibit S-shaped current-voltage characteristics.
Under constant current these films show dynamic resistance triggered by an
external DC magnetic field. These phenomena can be well explained by uni-
form Joule heating caused by the flux flow-induced resistive state of the su-

perconducting film.
Motion of a superconducting disk-shaped YBCO armature cooled to 77 K

electromagnetically accelerated by a pancake coil and magnetic field dynam-
ics between them can be well described numerically with simulations based
on Maxwell’s equations in their H-formulation, assuming a power-law electric

field-current density relationship for the superconductor.
The mechanical energy transferred to a superconducting armature from a

pulsed magnetic field source increases with the increasing critical current den-
sity of the superconducting armature. This increase has a limit for a given

accelerating coil current pulse and armature starting position.
Energy transferred to a type Il superconducting armature in a coilgun depends

on the shape, amplitude and duration of the coil current pulse. Superconduct-
ing armatures outperform normal metal armatures in the lower current ampli-

tude range and when pulses with lower time derivatives are used.
Type II superconducting armatures exhibit strong magnetic braking when

step-like current pulses are used for their acceleration, however, they outper-
form normal metal armatures in the lower step amplitude range.
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SANTRAUKA LIETUVIU KALBA
MOTY VACIJA

Magnetinio lauko difuzijos (MFD) didelio elektrino laidumo medZiago-
se tyrimai prasidéjo nuo Faraday’aus elektromagnetinés indukcijos atradimo.
Per pastaruosius deSimtmecius susidoméjimas magnetinio lauko difuzija Zen-
kliai padidéjo dél naujy technologijy, tokiy kaip: elektromagnetinis metaly
suvirinimas [1], magnetokumuliaciniai generatoriai [2] ir elektromagnetinis
greitinimas [3], atsiradimo. Pastaruoju atveju, domeéjimosi MFD jsibégéjima
Iémé naujos impulsinio magnetinio lauko matavimo technologijos [4] bei
kompiuteriniy modeliavimo programy, skirty magnetinio lauko pasiskirsty-
mams skai¢iuoti, sukiirimas. MFD yra aktuali elektromagnetinio greitinimo
kontekste, nes nulemia tiek greitinancig jéga, tiek elektromagneting sviedinio
aplinka. Ypatingas démesys skiriamas cilindrinés formos kiinams, nes tokia
forma yra paprasciausia rités tipo elektromagnetiniy svaidykliy (EML) elektro-
magnetiSkai greitinamai platformai (EGP) bei bégiy tipo svaidyklés sviediniui.
Si forma patogi ne tik technigkai, bet ir atliekant lauko skai¢iavimus, nes dél for-
mos simetrijos galima sumazinti uZdavinio dimensija taip pagreitinant skaicia-
vimus. MFD yra stipriai susieta su magnetinio lauko Saltinio kuriamo lauko
forma, todél skirtingose elektromagnetinio greitinimo sistemose, pvz.: papras-
tose ar sustiprinto lauko bégiy tipo elektromagnetinése svaidyklése, vienpa-
kopése ar daugiapakopése rités tipo elektromagnetinése svaidyklése, MFD nu-
lemti magnetinio lauko pasiskirstymai yra skirtingi. MFD taip pat skiriasi ir
didelio elektrinio laidumo medZiagose: metaluose ir superlaidininkuose. Skir-
tingai nei metalai, antro tipo superlaidininkai yra netiesiniai laidininkai, kuriy
savitoji varZa yra nykstamai maZa, jais tekant maZesniam uZ kritinj srovés tan-
kiui. Si jy savybé antro tipo superlaidininkus daro patraukliais ne tik EML EGP
ar magnetinio lauko ekranavimui jose, bet ir vir§srovio ribotuvams.

Neseniai buvo pristatytas naujas daugiabégés elektromagnetinés svaidyklés
dizainas, kuriame bégiai iSdéstyti SeSiakampiu [5, 6]. Pagrindinis Sios EML
privalumas yra jos universalumas, nes ja galima naudoti jvairiais réZimais,
jskaitant: segmentinj, daugiasuvj ir sustiprinto lauko réZimus. Patogiausia to-
kios beéginés EML sviedinio geometrija yra cilindras. D¢l §ios prieZasties, no-
rint nustatyti sviedinio elektromagnetine aplinkg, labai svarbu tirti magnetinj
MEFD poveikj Salia laidaus cilindrinio sviedinio, jdéto j SeSiakampeg bégine
EML, veikianciag nuoseklaus sustiprinto lauko reZime. DaZniausiai laike kin-
tantys magnetinio lauko pasiskirstymai skai¢iuojami naudojant skaitmeninius
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metodus, tokius kaip baigtiniy skirtumy ar baigtiniy elementy metodai, taciau
norint gauti patikimus rezultatus, skai¢iavimai turi buti suderinti su eksper-
imentiniu magnetinio lauko evoliucijos matavimu. D¢l Sios prieZasties Sia-
me darbe teoriniai magnetinio lauko pasiskirstymai heksagonalinéje bégiy tipo
EML nuoseklaus sustiprinto lauko réZime su cilindriniu aliuminio sviediniu
buvo lyginami su eksperimentiniais matavimais, atliktais naudojant unikaliag
CMR-B skaliariniy magnetinio lauko jutikliy matrica [7, 8].

Tusciaviduriai superlaidis cilindrai (vamzdZiai) naudojami kaip nuolati-
niai magnetai [9-11], magnetinio lauko ekranai [9-11], virSsrovio ribotu-
vai [12-14] bei didelés energijos daleliy greitintuvuose [19]. Norint valdy-
ti ir testuoti Siuos prietaisus biitina Zinoti, kaip impulsinis magnetinis srau-
tas prasiskverbia j vamzdZio ertme. Sis procesas buvo tyrinétas antro tipo
superlaidininky Zieduose ir storasieniuose vamzdZiuose [20-23]. Plonasienio
vamzdZio konfigiiracija sumaZina kitais atvejais dideles superlaidZiy medZiagy
sgnaudas ir gali buti naudojama magnetiniams ekranams arba ,,iSmaniesiems
superlaidiems tinklams* [24,25]. Ilgus superlaidZius vamzdZius elektros per-
davimui buvo pasiulyta gaminti jvairiais budais [25-27]. Praktiniams taiky-
mams yra svarbu nedestruktyviai jvertinti superlaidaus vamzdZio savybes, to-
kias kaip: kritinés srovés priklausomybe nuo magnetinio lauko, didZiausig ek-
ranuojama lauka bei laipsninio désnio rodiklj. Siems parametrams gauti eks-
perimentiniai rezultatai turi biiti analizuojami naudojant tikslius teorinius mo-
delius, adaptuotus pagal eksperimentines salygas. Tokie metodai buvo pritai-
kyti superlaidZiy cilindry ir vamzdZiy tyrimams [28] ir rémési sroveés tankio
skai¢iavimu superlaidininko tiryje, todél Sie metodai yra priklausomi nuo geo-
metrijos ir reikalauja specifiniy diskretizacijos algoritmy. Plonasienio vamz-
dZio konfigiiracija leidZia supaprastinti uzdavinj darant prielaida, kad sroveés
tankis per sienelés storj nekinta. Taip pat, dél didelio pavirSiaus ploto nulemto
gero Silumos nuvedimo galima nejskaityti Joule’io Silimo. D¢l §iy prieZasciy,
impulsinio magnetinio lauko matavimas superlaidZiame plonasieniame vamz-
dyje yra informatyvesnis nei storasieniy vamzdZiy atveju. Sioje disertacijoje
pasiulytas metodas, paremtas sutelkty parametry lygtimi, superlaidZios medzia-
gos parametrams jvertinti, matuojant impulsinj magnetinj lauka plonasienio su-
perlaidaus vamzdzio viduje bei iSoréje. Metodas patvirtintas eksperimentiskai,
matuojant magnetinj laukg Bi-2223 vamzdyje naudojant induktyvinj bei CMR
magnetinio lauko jutiklius.

Magnetinio lauko difuzija plonasieniuose superlaidZiuose vamzdZiuose,
veikiamuose aSinio magnetinio lauko, gali indukuoti didelius srovés tankius,
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ypac kai magnetinis laukas greitai kinta. Dideli srovés tankiai ir magnetinis
laukas gali stipriai pakeisti plony superlaidZiy sluoksniy savybes, iSSaukti mag-
netinio srauto judéjimo nulemta varZing busena, Joule’io Silima bei jvairius
elektrinius nestabilumus. Efektai pasireiSkiantys antros ruSies superlaidinin-
kuose, kuriais teka dideli srovés tankiai, buvo tyrinéti YBCO sluoksniuose,
MOCYVD budu nusodinty ant maZos dielektrinés skvarbos ir didelio $iluminio
laidumo Al,O3 padéklo su CeO; pasluoknsiu [29]. Buvo nustatyta, kad Sie
sluoksniai pasizymi placiomis netiesinémis disipatyviomis biisenomis ir gali
biti naudojami kaip greitaveikiai virSrovés ribotuvai [30-35]. Taciau, vyksmai
pasireisSkiantys, kai sluoksniai veikiami didele elektrine srove ir magnetiniu lau-
ku, nebuvo detaliai iSanalizuoti bei paaiSkinti. Jy analizé bei modeliavimas yra
kitas Sios disertacijos objektas.

Rités tipo EML yra jrenginys, kuris pasitelkdamas magnetinius laukus, pa-
greitina feromagnetines arba elektridkai laid#ias EGP iki dideliy grei¢iy. Siy
EML privalumai yra fizinio kontakto tarp vamzdZio ir Saudmens bei chemi-
nio kuro nebuvimas, kas paSalina trintj ir sumaZina Saudmens mas¢, taip su-
maZinant energijos kiekj, reikalinga pasiekti norimg greitj. IS kitos pusés,
Sioms svaidykléms reikalingos: sudétinga moduliné energijos perdavimo sis-
tema su aukStais reikalavimais elektriniams raktams, Saudmens sekimo bei
kontroliavimo sistemos [36, 37]. Joule’io Silimas, EGP srauto pagavimas bei
EGP mechaninis atsparumas yra faktoriai ribojantys metalines EGP [38, 39].
Antros rusies superlaidininky elektromagnetinés savybés stipriai skiriasi nuo
normalios biisenos metaly. Jie yra netiesiniai laidininkai, kuriy savitoji va-
r7a yra nykstamai maZa Zemiau kritinio srovés tankio. Si savybé yra patrauk-
li jvairiems taikymams [40—42], kuriy viena yra elektromagnetinis greitini-
mas. Siy medZiagy naudojimas EGP gali praplésti rités tipo EML taikymo
ribas, taip pat gali i§Saukti netikétg sistemos elgesj. Literatiroje gana maZai
darby tyrinéjanciy rités tipo EML su II tipo superlaidZiomis EGP. Skaiciavi-
mai pateikti [43] parodé, kad jmagnetintos antros ruSies EGP gali buti pra-
naSesnés uZ tradicines metalines, ta¢iau EGP jmagnetinimas sukuria papildo-
ma paruoS$imo Zingsnj, kas ne visada yra praktiSka. Todél svarbu istirti kaip
elgiasi nejmagnetinta EGP i§ antros rusSies superlaidininko, kas iki Siol nebu-
vo atlikta. D¢l Sios prieZasties, paskutinéje Sios disertacijos dalyje tyrinéjama
vienpakopeé rités tipo EML su plokscigja rite ir disko formos EGP i§ YBCO
superlaidininko. Eksperimentiniai tyrimai, atlikti naudojant CMR magnetinj
lauko jutiklj bei IR atstumo matuoklj, yra lyginami su teoriniais skai¢iavimais.
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Tikslai

1. IStirti magnetinio lauko dinamika heksagonalinés bégiy tipo elektromag-
netinés svaidyklés vamzdyje su cilindriniu metaliniu sviediniu nuose-
klaus jungimo sustiprinto lauko reZime.

2. Teoriskai ir eksperimentiSkai iStirti impulsinio magnetinio lauko skver-
bimasi j superlaidy plonasienj Pb legiruotg Bi-2223 cilindra.

3. Ivertinti procesus stebimus submikroninio storio YBCO sluoksniy mik-
rotilteliuvose, MOCVD budu uZaugintuose ant Al,O3 su CeO, pasluoks-
niu, juos veikiant dideliu elektrinés sroveés tankiu ir iSoriniu magnetiniu
lauku.

4. Istirti vienpakope rités tipo elektromagnetine svaidykle vertikaliai grei-
tinamo viendomenio YBCO disko, atSaldyto iki 77 K temperaturos, elg-
seng.

Uzduotys

* Suprojektuoti eksperimentag magnetinio lauko matavimui, SR\3-60 hek-
sagonalinéje elektromagnetinéje svaidykléje, konfigiruojant jos bégiy
jungima bei jdiegiant keturiy kolosalios magnetovarZzos jutikliy sistema.

 Sukurti skaitmeninj modelj paremtg baigtiniy elementy metodu (COM-
SOL Multiphysics AC/DC module), apraSantj laike kintantj magnetinio
lauko pasiskirstyma heksagonalinés elektromagnetinés svaidyklés vamz-
dyje.

* Suskaiciuoti magnetinio lauko dinamika cilindrinio aliuminio sviedinio
aplinkoje ir palyginti jg su eksperimentiniais matavimy duomenimis.

* Sukurti eksperimentinj stenda impulsinio magnetinio lauko skverbimui-
si j plonasienj Bij gPbg26Sr2CayCu3O104+x vamzdj tirti ir atlikti tyrimus
naudojant induktyvinj bei kolosalios magnetovarZzos magnetinio lauko
matuoklius.

* Sukurti matematinj sutelkty parametry modelj galintj paaiSkinti bendra
magnetinio lauko dinamikos elgseng plonasienio superlaidaus vamzdzio
viduje bei jo pagauta magnetinj lauka ir patikrinti §j modelj lyginant jj su
eksperimentiniais duomenimis.
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 IStirti magnetovarZos efekta 440 nm storio YBCO sluoksniuose,
MOCYVD budu uZaugintuose ant Al,O3 su CeO, pasluoksniu, 20-300
K temperatiiry ruoZe.

* Paaiskinti eksperimentiskai stebimy S formos voltamperiniy charakteristiky
bei laike kintanc¢ios mikrotiltelio varZos, jj veikiant pastoviu magnetiniu
lauku, prigimtj.

* Sukurti eksperimentinj stendg superlaidaus YBCO disko, elektromagne-
tiSkai greitinamo vertikaliai, atSaldyto iki 77 K, elgsenai tirti paremta IR
atstumo bei CMR-B skaliariniu magnetinio lauko matuokliais.

* SkaitmeniSkai sumodeliuoti netiesinj stikuriniy sroviy uZdavinj cilind-
rinio sviedinio atskaitos sistemoje, paremtag Maxwell’o lygtimis jy H-
formuluotéje 2D aSiai simetrinéje formoje, naudojant komercinj Comsol
Multiphysics programinj paketa ir pritaikyti §j modelj sviedinio poslin-
kio bei magnetinio lauko dinamikos tyrimames.

* Jvertinti rités tipo elektromagnetinés svaidyklés su antro tipo superlai-
dziu sviediniu, naSuma naudojant skaitmeninj modelj.

Praktiné verté ir naujumas

Laidaus cilindrinio sviedinio jtaka dinaminiam magnetinio lauko pasiskirs-
tymui elektromagnetinio greitinimo heksagonaline bégiy tipo elektromagneti-
ne svaidykle nuoseklaus jungimo sustiprinto lauko rezime metu tyrinéta pirma
karta. Nustatyti magnetinio lauko pasiskirstymo profiliai gali biti naudingi ku-
riant sviedinius su magnetiniam laukui jautriais komponentais.

Pasitlytas greitas, nedestruktyvus metodas, paremtas sutelkty parametry
lygtimi, superlaidZiy vamzdziy, kuriy sienos storis maZesnis nei Bean’o prasi-
skverbimo gylis, superlaidumo savybéms magnetiniame lauke nustatyti.

Savitosios YBCO sluoksniy mikrotilteliy, MOCVD budu uZauginty ant
AlO3 su CeO; pasluoksniu, voltamperinés charakteristikos, pamatuotos
naudojant ns trukmés impulsus, pirma karta panaudotos elektroterminiy
nestabilumy, stebimy nuolatinés jtampos reZime, modeliavimui. Sis modelis
gali buti naudojamas superlaidZiy srovés ribotuvy, veikiamy ilgy vir§sroviy,
atsako apraSymui.

Skaitmeninis vienpakopés rités tipo elektromagnetinés svaidyklés su ant-
ro tipo superlaidZiu sviediniu modelis pirmg kartg patvirtintas eksperimentu.
Remiantis Siuo modeliu, skaitmeniniai skaic¢iavimai buvo panaudoti tokio tipo
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sviediniy savybiy ir salygy, kuriomis tokie sviediniai pranasesni uZ konvenci-
nius, tyrimams.

Ginamieji teiginiai

* Magnetinio lauko difuzija iSkraipo magnetinj lauka cilindrinio laidaus
sviedinio aplinkoje, kai sviedinys greitinamas heksagonaline bégiy ti-
po elektromagnetine svaidykle, veikiancia nuoseklaus jungimo sustip-
rinto lauko re¥imu. Siuo atveju magnetinio lauko pasiskirstyma galima
gerai modeliuoti naudojant kvazistatines Maxwell’o lygtis ir baigtiniy
elementy metoda.

* Netiesing magnetinio lauko difuzijos lygtj, aprasancig magnetinio lau-
ko sklidimg vamzdyje iS II tipo superlaidininko, galima supaprastinti j
sutelkty parametry lygtj, kai vamzdZio sienelés storis yra Zymiai maZes-
nis nei Bean’o jsiskverbimo gylis. Si lygtis, kartu su impulsinio magne-
tinio lauko matavimu vamzdZio viduje, gali buti naudojama greitam ir
nedestruktyviam superlaidZios medZiagos kritinio srovés tankio priklau-
somybés nuo magnetinio lauko bei laipsninio désnio rodiklio jvertinimui.

* Plony YBCO sluoksniy, nusodinty ant Al,O3 padéklo su CeO, pasluoks-
niu PI-MOCVD metodu, magnetovarZa superlaidumo busenoje yra tie-
siné magnetinio lauko atZvilgiu ir atitinka magnetinio srauto judéjimo
modelj. Mikrotilteliy, pagaminty i§ $iy sluoksniy, S formos I-V charak-
teristikos, stebimos stabilizuotos jtampos reZime, o taip pat laike kinta-
ncios varzos reiSkinys stabilizuotos sroves reZime, yra i§Sauktos termo-
elektrinio nestabilumo, kurj sukelia Joule’io Silimas magnetinio srauto

judéjimo indukuotoje varzinéje biisenoje.

* Disko formos elektromagnetinés greitinimo platformos, pagamintos i$
IT tipo superlaidininko, vertikaly judéjimg ir magnetinio lauko dinamika
elektromagnetinio greitinimo plokSciaja rite metu galima gerai paaiSkinti
naudojant skaitmeninius metodus, paremtus kvazistatinémis Maxwell’o
lygtimis jy H lauko formuluotéje su prielaida, kad superlaidininkas yra
netiesinis laidininkas, kurio E-j charakteristika yra laipsniné funkci-
ja. Sviediniai i§ II tipo superlaidininky yra pranaSesni uZ sviedinius i$
normaliy metaly esant maZesnéms greitinimui naudojamy magnetinio
lauko impulsy kitimo spartoms bei amplitudéms.
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LITERATUTROS APZVALGA

Pirmajame disertacijos skyriuje pateikta mokslinés literatiros apZvalga
su darbo tikslais bei uZdaviniais susijusiomis temomis. Siame skyriuje ap-
Zvelgiama magnetinio lauko difuzija ir jos jtaka elektromagnetinéms svai-
dykléms. Aptariamos superlaidininky savybés bei antros rusies superlaidininky
elektrodinaminiy reiskiniy modeliavimas magnetinio lauko difuzijos kontekste.

1.1 poskyryje supazindinama su magnetinio lauko difuzija (MFD) elekt-
riskai laidZiose nemagnetinése medZiagose. ISvedama MFD lygtis kvazistati-
niame Maxwell’o lyg€iy artinyje.

1.2 poskyryje apZvelgiamos superlaidininky magnetinés savybés bei ypatu-
mai. SupaZindinama su Meissner’io biisena bei magnetinio lauko ekranavimu
pirmos rusSies superlaidininkuose. Pateikiamos antros ruSies superlaidininky
savybés, supaZindinama su Abricosov’o stukuriais. ApraSomas Bean’o kritinés
biisenos modelis antros ruSies superlaidininky jmagnetéjimui apraSyti. Patei-
kiami elektrinio lauko priklausomybés nuo superlaidininkais tekancio srovés
tankio désniai. ApraSomi laisvo srauto judéjimo bei judéjimo esant suikuriy
gaudykléms reZimai.

1.3 poskyryje pateikiamas bégiy tipo svaidyklés apraS§ymas. ApraSomos
paprastosios bei sustiprinto lauko konfigiiracijos. Supazindinama su galios $al-
tiniais naudojamais su Siomis svaidyklémis. Aptariami MFD sukelti pavirSinis,
artumo bei pavirsinis greicio efektai bégiy tipo EML bei juos nagrinéjantys ty-
rimai.

1.4 poskyryje apZvelgiamos jvairios MFD problemos formuluotés taiko-
mos II tipo superlaidininky jmagnetéjimui modeliuoti. Aptariami: integralinis
Brandt’o metodas, magnetiniy grandiniy metodas, A-V, T-A, bei H formuluotés.
Pateikiami $iy formuluociy taikymo pavyzdZiai. Pateikiami daZniausiai nau-
dojami kritinés sroveés priklausomybiy nuo magnetinio lauko bei temperatiiros
désniai.

1.5 poskyryje kalbama apie plony II tipo superlaidininky sluoksniy savybes
ir jy skirtumus nuo tariniy superlaidininky. ApraSomas kritinio srovés tankio
priklausomybés nuo sluoksnio storio efektas, atlikti jo tyrimai ir aptariamos
efekto priezastys. Aptariami kritinio srovés tankio priklausomybés nuo mag-
netinio lauko stiprio ir kampo ypatumai. Pristatomi sluoksniy voltamperiniy
charakteristiky tyrimai bei skirtingi modeliai aiSkinantys stebimus nestabilu-
mus. Pateikiami rezultatai, gauti voltamperines charakteristikas matuojant ult-
ratrumpais ns trukmés impulsais.
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1 pav. Magnetinio srauto tankio SR\3-60 svaidykléje matavimai aliuminio ci-
lindrinio sviedinio aplinkoje bei lauko modeliavimas baigtiniy elementy meto-
du.

Paskutiniame literatiros apzvalgos poskyryje (1.6) pristatomos rités tipo
elektromagnetinés svaidyklés ir praktiniai jy pritaikymai apraSyti literaturoje.
ApZvelgiamos problemos su kuriomis susiduria Sios svaidyklés, kai naudoja-
mos normalaus metalo EGP, ir kokie sprendimai daromi joms spresti. Aptaria-
mos EGP srauto pagavimo ir magnetinio stabdymo problemos. Pristatomi ak-
tyvavimo laiko slydimo bei lauko krypties apsukimo metodai joms spresti. Taip
pat supaZindinama su tyrimais kuriuose naudojamos II tipo superlaidininky
EGP.

REZULTATAI

Antrajame skyriuje apraSomi disertacijoje naudoti eksperimentai bei jy ei-
ga, taip pat pateikiama rezultaty analize ir susij¢ skaiCiavimai.

2.1 poskyryje nagrinéjamas magnetinio lauko difuzijos nulemtas magneti-
nio lauko iSkraipymas laidaus sviedinio aplinkoje heksagonalinéje bégiy tipo
elektromagnetinéje svaidykléje, veikiancioje nuoseklaus sustiprinto lauko rezi-
me. 2.1.1 skiltyje apraSomas metodas magnetinio lauko konfigiiracijai laidaus
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sviedinio aplinkoje gauti homogenisko iSorinio lauko atveju. 2.1.2 skiltyje yra
aprasoma SR\3-60 heksagonaliné elektromagnetiné svaidykle, tyrimo tikslais
jai atliktos modifikacijos bei eksperimento schema. 2.1.3 skiltyje pristatomi ir
analizuojami eksperimentiniai bei modeliavimo rezultatai, kurie yra apibend-
rinami 2.1.4 skiltyje.

Tyrinéjant magnetinio lauko dinamikg cilindrinio aliuminio sviedinio ap-
linkoje SR\3-60 svaidykléje, veikianCioje nuoseklaus sustiprinto lauko reZime,
buvo pamatuotas magnetinio lauko sumazéjimas tuscios svaidyklés atZvilgiu.
Matavimy rezultatai pateikti 1 paveiksle. Matavimai atlikti naudojant 3 CMR-
B skaliariniy magnetinio lauko jutikliy sistema, leidZian¢ig matuoti magneti-
nio lauko vektoriaus amplitude, taip palengvinant eksperimento rezultaty ana-
lize. Magnetinio lauko sumaZéjimas buvo stebimas tiek statiniame reZime, kai
sviedinys nebuvo greitinamas, o magnetinis laukas generuotas tik lauka stipri-
nanciais bégiais, tiek dinaminiame reZime, kurio metu magnetinis laukas ge-
neruojamas visy bégiy. DidZiausias lauko sumazéjimas fiksuotas ties sviedi-
nio centru, nuo kurio tolstant magnetinis laukas greitai grjZo j vert¢ pamatuota
tuscios svaidyklés atveju.

Sis magnetinio lauko iskraipymas paaiskintas magnetinio lauko difuzijos
nulemtu magnetino lauko iSstimimu i$ elektriskai laidaus aliuminio sviedinio.
Buvo atlikti du magnetinio lauko dinamikos skaiiavimai sviedinio aplinkoje
naudojant kvazistatines Maxwell’o lygtis: homogenisko iSorinio lauko bei lau-
ko kuriamo SR\3-60 svaidyklés nuoseklaus sustiprinto lauko reZime atvejais.
Modeliuoto magnetinio lauko palyginimas su eksperimentiniais matavimais pa-
teiktas 1 paveiksle. Gautas geras kiekybinis sutapimas patvirtino modelj. Re-
miantis suskaiiuotomis lauko pasiskirstymo dinamikomis nustatytos zonos su
didesniu ir maZesniu uZ atraminj magnetinio srauto tankiu. Magnetinio lau-
ko pasiskirstymas, kuriamas lauka stiprinanciy bégiy, pateiktas 2 paveiksle, o
magnetinio lauko dinamika sviedinio aplinkoje pavaizduota 3 paveiksle. Mag-
netinio lauko iSkraipymas didZiausias staigiai besikei¢iant magnetiniam laukui
ir greitai slopsta tolstant nuo sviedinio pavirSiaus. Tai gali buti svaru kuriant
Saudmenis Sioms svaidykléms su magnetiniam laukui jautriais sviediniais.

2.2 poskyryje apraSyti magnetinio lauko skverbimosi j plonasienj
superlaidy vamzdj tyrimai. 2.2.1 skiltyje apraSoma eksperimente naudota
jranga, matavimo metodai bei eksperimento veiksmy seka. 2.2.2 skiltyje
uzraSoma sutelkty parametry lygtis j plonasienj superlaidy vamzdj indukuotg
srove ir i§ jos iSplaukiantj magnetinj lauka vamzdZio viduje. UZraSoma lyg-
tis pagauto magnetinio srauto gesimui Siuo artiniu apraSyti. 2.2.3 skiltyje teo-
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t= 0.25 ms Magnetinio srauto tankis (T)

2 pav. Sumodeliuotas magnetinio srauto tankis tus¢ioje SR\3-60 svaidykléje,
kuriamas lauka stiprinanciy bégiy.

t= 0.1 ms Magnetinio srauto tankis (T) t=0.25 ms Magnetinio srauto tankis (T)

t= 0.5 ms Magnetinio srauto tankis (T)

&3

3 pav. Sumodeliuotas magnetinio srauto tankis yz ploksStumoje, kertancioje
aliuminio cilindrinio sviedinio centra, skirtingais laiko mementais.

t=2 ms Magnetinio srauto tankis (T)
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riSkai analizuojamos magnetinio lauko vamzdZio viduje dinamikos, iSSauktos
iSorinio magnetinio lauko impulso, ir jvairiy parametry jtaka joms. 2.2.4 skil-
tyje pristatomi eksperimentiniai rezultatai gauti B-dot bei CMR-B skaliariniais
magnetinio lauko jutikliais. Sie rezultatai lyginami su teoriniais modeliavimais.
Tyrimo iSvados apibendrinamos 2.2.5 skiltyje.

Sudétingg netiesinés magnetinio lauko difuzijos lygtj, kuri apraso magneti-
nio lauko sklidima bei indukuotg srove antro tipo superlaidininkuose, plonasie-
nio vamzdzio geometrijos atveju galima supaprastinti j sutelkty parametry lygtj
darant prielaida, kad superlaidininkas yra netiesinis laidininkas su laipsnine
elektrinio lauko priklausomybe nuo magnetinio lauko. Sutelkty parametry lyg-
ties rémuose tyrinéta kaip keic¢iasi magnetinio srauto tankio atsakas B; keic¢iant
iSorinio magnetinio lauko amplitude bei laipsninés priklausomybés parametry:
laipsnio rodiklio ir kritinés srovés priklausomybés nuo magnetinio lauko, jtaka
lauko dinamikai.

Eksperimentiniai magnetinio srauto tankio atsako tyrimai atlikti naudojant
Pb legiruota Bi-2223 plonasienj vamzdelj. Buvo naudoti dvejy trukmiy bei
formy magnetiniai impulsai. B-dot jutikliu pamatuotos magnetinio lauko dina-
mikos jvairioms iSorinio magnetinio lauko amplitudéms pavaizduotos 4 paveik-
sle. Eksperimentinés dinamikos pasiZymi visomis teoriniuose skai¢iavimuose
stebétomis savybémis: impulso pradZios uzdelsimu, sekamu greito magnetinio
lauko augimo, pastoviu lauku iSoriniam magnetiniam laukui pradedant kristi
bei magnetinio lauko pagavimu iSoriniam impulsui pasibaigus.

CMR-B skaliariniu magnetinio lauko jutikliu uZregistruoti vamzdyje pa-
gauto magnetinio srauto gesimai buvo palyginti su teoriniu gesimo désniu.
Nustatyta, kad laipsninio désnio rodiklis tirtame vamzdyje n ~ 20. Naudo-
jant 8ig n verte ir derinant suskaiciuotas kreives prie eksperimentiniy rezultaty
buvo nustatyta kritinio srovés tankio priklausomybé nuo magnetinio lauko
je(B) (ziiréti 5 pav.). Siuo biidu nustatytos j.(B) nesiskyré trumpiems ir il-
giems impulsams ir buvo artimos vamzdelio gamintojy pateikiamoms vertéms.
Magnetinio lauko superlaidaus plonasienio vamzdelio viduje matavimas gali
buti panaudotas greitam ir nedestruktyviam superlaidZios medZiagos parametry
jvertinimui jj analizuojant sutelkty parametry lygtimi paremtu algoritmu.

2.3 poskyryje nagrinéjamos plony YBCO sluoksniy, paruosty MOCVD
budu ant Al,O3 padékly naudojant CeO, pasluoknj, savybés. 2.3.1 skiltyje
aprasoma sluoksniy gamyba, CeO; pasluoksnio storio jtaka. 2.3.2 skiltyje su-
pazindinama su eksperimentams atlikti naudota jranga bei elektriniy savybiy
tyrimy metodikomis. 2.3.3 skiltyje pristatomi matavimy rezultatai. Pateikiama
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4 pav. Magnetinio stauto tankio B; dinamika pamatuota Bi-2223 vamzdzio vi-
duje naudojant B-dot jutiklj, iSorinis magnetinio srauto tankis B, ir magnetinio
lauko vamzdZio viduje dinamikos skai¢iavimai.
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5 pav. j.(B) priklausomybés gautos lyginant eksperimentinius rezultatus su
skai¢iavimais paremtais sutelkty parametry lygtimi. Palyginimui pateiktos ga-
mintojo nurodomos vertés (specifikacija).
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sluoksnio varZos temperatiriné priklausomybe, varZos pokytis nuo magnetinio
lauko, voltamperinés charakteristikos stabilizuotos jtampos reZime bei sluoks-
nio varZos dinamika po 0,7 T magnetinio lauko jjungimo. Sluoksniy atsakas j
ns trukmés elektrinius impulsus nagrinéjamas 2.3.4 skiltyje. Aptariama trumpo
elektrinio matavimo svarba ir pateikiamos izoterminés voltamperinés charak-
teristikos pamatuotos naudojant ns trukmés impulsus. 2.3.5 skiltyje atlickama
rezultaty analizé. Pristatomi modeliai S formos voltamperinéms charakteris-
tikoms bei varZos dinamikai aiskinti. 2.3.6 skiltyje pateikiamas rezultaty api-
bendrinimas.

Tyrinéjant magnetinio lauko skverbimasi j plonasienj vamzdj Joule’io S§i-
limas nebuvo jskaitytas dél efektyvaus Saldymo, nulemto didelio vamzdZio
geometrijos pavirSiaus ploto. Siekiant istirti kaip temperattra ir Joule’io §i-
limas veikia superlaidZiy sluoksniy savybes, buvo tyrinéjamos 400 nm YBCO
sluoksniy MOCVD biidu uZauginty ant Al,O3 su CeO, pasluoksniu elektrinés
savybés jvairiose temperatirose ir magnetiniuose laukuose. VarZos pokycio
priklausomybés matavimai atskleidé, kad Zemose temperatirose vir§ kritinio
magnetinio lauko varZos pokytis yra tiesiné magnetinio lauko funkcija, kaip
prognozuoja Bardeen’o-Stephen’o magnetinio srauto tékmés modelis (6 pa-
veikslas). Kritinis magnetinis laukas, nuo kurio stebimas varzos atsiradimas,
kinta Zinomu B, ~ B[l — (T /T;)?] désniu.

Dinaminés sluoksnio varZos atsiradusios po 0,75 T iSorinio magnetinio
srauto tankio jjungimo matavimai pavaizduoti 7 paveiksle. Tekant maZoms
srovéms, jjungus magnetinj laukg sluoksnio varZa pasikeicia greitai lyginant
su matavimo sparta. Didinant sluoksniu tekancig elektrine srove, po staigaus
varZos Suolio lauko jjungimo momentu seka létesnis varZos kilimas link so-
ties vertés. Laikas per kurj pasiekiama soties varZa ilgéja su didéjancia srove.
PerZengus ribing srove, sluoksnio varZos dinamika pakinta - stebimas nestabi-
lumas, kai varZos augimas i$ pradziy létéja, o po to staigiai pagreitéja. Eksper-
imentinés sluoksniy voltamperinés charakteristikos stabilizuotos jtampos reZzi-
me buvo S formos (#iiiréti 8 paveiksla). Siy charakteristiky forma ir 1iZio srové
priklausé nuo sluoksnio temperatiiros bei iSorinio magnetinio lauko.

Norint paaiSkinti dinamine sluoksnio varZa buvo remtasi elektrotermi-
niu modeliu. Sluoksnio elektrinéms savybéms nustatyti buvo panaudotos ns
trukmés impulsais pamatuotos sluoksniy voltamperinés charakteristikos. Cha-
rakteristikos buvo aproksimuotos laipsniniu désniu su nuo temperatiros pri-
klausandiais laipsnio rodikliu ir kritine srove. Sluoksnio savitoji Siluma ap-
roksimuota tiese. Sluoksnio varzos dinamika gauta i§ suskaiciuotos sluoksnio
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6 pav. a), b) Sla sluoksnio varzos (AR) priklausomybés nuo iSorinio magne-
tinio lauko (B,y) jvairiose temperatiirose. ¢) Kritinio magnetinio srauto tankio
priklausomybé nuo temperatiiros 1 — (7 /T;)? skaléje.
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7 pav. Sla mikrotiltelio varzos evoliucija po 0,75 T magnetinio srauto tan-
kio jjungimo. Punktyrinés linijos yra modeliuotos varZos evoliucijos naudojant
voltamperines charakteristikas pamatuotas ns trukmés impulsais.
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8 pav. Sla mikrotiltelio voltamperinés charakteristikos skirtingose tempe-
ratirose. Apskritimai Zymi matavimus be magnetinio lauko, kvadratai - ma-
tavimus su B, = 0,7 T. Juodos linijos vaizduoja sumodeliuotas voltamperines
charakteristikas naudojant izotermines voltamperines charakteristikas pama-

tuotas ns trukmés impulsais.
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temperatiros kitimo dinamikos naudojant Silumos pusiausvyros lygtj. Tokiu
budu suskaic¢iuotos YBCO sluoksniy varZos dinamikos kiekybiskai sutapo su
eksperimentinémis kreivémis (7 paveikslas), taip patvirtindamos elektrotermi-
ne nestabilumo prigimtj.

S formos charakteristiky paai$kinimui taip pat naudotas elektroterminis
modelis ir identi$kos izoterminiy voltamperiniy charakteristiky aproksimaci-
jos. Eksperimente stebima srové nekito, todél padaryta prielaida, kad stabili-
zuotos jtampos rezime tarp sluoksnio ir Saldomo padéklo nusistovi termodina-
miné pusiausvyra. Termodinaminés pusiausvyros atveju Silumos pusiausvyros
lygtis gali buti iSreikSta kaip algebriné lygtis, kurios Saknys atitinka voltam-
perinés charakteristikos taskus. Si lygtis spresta Newton’o iteracijy biidu skir-
tingoms jtampoms, padéklo temperatiroms bei magnetinio srauto tankiams.
Taip suskaiciuotos sluoksniy voltamperinés charakteristikos, jskaitant Joule’io
Silima, gerai atitiko eksperimente registruotas kreives, taip dar labiau sustiprin-
damos elektroterming stebimy efekty prigimtj.

2.4 poskyryje tiriamas antro tipo superlaidZios EGP, greitinamos vienpa-
kope rités tipo elektromagnetine svaidykle su ploksciaja rite, elgesys. 2.4.1
skiltyje apraSoma elektromagnetiné svaidyklé, matavimo schema bei metodi-
ka. 2.4.2 skiltyje apraSomi eksperimenty rezultatai, pateikiamos EGP trajek-
torijos bei magnetinio lauko dinamikos. 2.4.3 apraSo matematinj svaidyklés
su superlaidziu sviediniu modelj naudota teoriniam sistemos tyrimui. 2.4.4
atlieckamas teorinis tokios sistemos tyrimas. AnalogiSky salygy skai¢iavimai
lyginami su eksperimentiniais. Véliau atlieckama sistemos analizé salygoms uz
eksperimentiniy galimybiy ribos. II tipo EGP simuliacijos lyginamos su EGP
i§ vario bei aliuminio. 2.4.5 skiltyje apibendrinami tyrimo rezultatai.

Antros ruSies superlaidininky elektrinés savybés stipriai skiriasi nuo
laidininky savybiy, todél nutarta iStirti kaip EGP i$ antros ruSies superlaidinin-
ko elgsis elektromagnetinio greitinimo metu. Tyrimams naudota vienpakopé
elektromagnetiné svaidyklé su ploksciaja rite vertikalioje konfiguracijoje ir iki
azoto atSaldyta disko formos EGP i§ YBCO superlaidininko. Eksperimenty
metu buvo fiksuojama EGP trajektorija bei magnetinio lauko dinamika grei-
tinancios rités centre. Eksperimentai atliki keiCiant kondensatoriy baterijos
jkrovimo jtampg nuo 1 kV iki 1,45 kV.

Sios EML sistemos elgesys taip pat buvo tiriamas teoriskai, darant prie-
laidg, kad superlaidininkas yra netiesinis laidininkas su laipsniniu elektrinio
lauko priklausomybés nuo srovés tankio désniu. Modeliavimas atliktas Com-
sol Multiphysics baigtiniy elementy programiniu paketu. Sistema modeliuota
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9 pav. Magnetinio srauto tankio dinamika jvairioms kondensatoriaus jkrovimo
jtampoms: meélynos kreivés rodo magnetino srauto tankj pamatuotg tus¢iame
kriostate, Zalios kreivés vaizduoja magnetinio srauto tankio kitima superlai-
dZios EGP greitinimo metu. Sumodeliuotos lauko dinamikos pavaizduotos juo-
domis punktyrinémis linijomis (j.=5 - 108 A/m?).
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10 pav. Kritinio srovés tankio jtaka mechaninei energijai, suteiktai super-
laidZiai EGP, skirtingoms srovés ritéje amplitudéms bei pradiniams EGP at-

stumams. Linijos - interpoliacija naudojant logisting funkcijg (y(x) = (¢; —
2)/(1+ (x/x0)") +c2).
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kvazistatinémis Maxwell’o lygtimis jy H lauko formuluotéje 2D aksisimetrinéje
koordinaciy sistemoje. UZdavinys sprestas EGP atskaitos sistemoje. Sumo-
deliuota sistemos elgsena: trajektorija bei magnetinio lauko dinamika, kie-
kybiskai sutapo su eksperimentiniais rezultatais, kai kritinis srovés tankis bei
laipsninio désnio rodiklis buvo 5- 10 A/m? ir n = 20. Eksperimentiniy bei
teoriniy magnetinio srauto tankiy palyginimas pavaizduotas 9 paveiksle. Gau-
tos superlaidininko parametry vertés neZymiai skyrési nuo verciy, jvertinty is
YBCO disko gamintojy pateikty pagauto magnetinio lauko verciy.

Eksperimentu patvirtintas modelis buvo naudojamas tirti sistemos elgsena
salygomis uz eksperimentiniy galimybiy ribos. Tiriant kritinio srovés tankio
jtakg buvo nustatyta, kad mechaniné energija, perduota superlaidZiai EGP, auga
didéjant kritiniam stovés tankiui, tac¢iau §i energija turi virSutine ribg fiksuotam
startiniam atstumui tarp EGP ir greitinancios rités bei srovés impulso, teka-
ncio rite, amplitudei. Mechaninés energijos priklausomybés nuo kritinio srovés
tankio trims skirtingoms rités srovés amplitudéms bei dviems startiniams atstu-
mams pavaizduotos 10 paveiksle.

SuperlaidZios EGP elgesys taip pat buvo tirtas keiciant elektromagnetinés
svaidyklés parametrus: rite tekancios srovés amplitude, srovés impulso trukme
bei formg. Mechaniné energija suteikta superlaidziai EGP lyginta su energija
suteikta identiSkos geometrijos varinei ir aliumininei EGP naudojant metaly
savitgsias varzas 77 K temperaturoje. Tyrimui naudoti du parametry rinkiniai:
Jje=5- 108 A/m?2, [.;=7 mm ir Jje=3.55- 107 A/m?, I.;=5 mm. Pirmasis atitinka
eksperimentines sglygas, o antruoju gaunamos panasios mechaninés energijos
vertés 2 mm trumpesniu startiniu EGP atstumu. Tiriant eksperimentinés for-
mos sroves impulso amplitudés jtaka nustatyta, kad abiejy parametry rinkiniy
atveju superlaidZios EGP yra pranaSesnés maZesniy impulso amplitudZiy ribo-
je.

Tiriant greitinan¢io impuso trukmés jtaka buvo naudojamas eksperimen-
tinés formos srovés impulsas ir kei¢iama jo trukmé. Nustatyta, kad fiksuotai
impulso amplitudei ir startinei pozicijai, egzistuoja optimali impulso trukmé
energijos perdavimui. SuperlaidZiy EGP optimumo trukmé yra ilgy impulsy
puséje lyginant su metalinémis.

Tiriant srovés impulso, tekancio ploksciaja rite, jtaka sistemos elgsenai bu-
vo naudojamas laiptelio formos impulsas su 1 ms trukmés frontu. Si forma
yra ypatinga, nes turi tiek greitg kitimg impulso pradZioje, tiek pastovia de-
damaja po to. Buvo tiriama, kaip laiptelio formos impulso amplitudé keicia
EGP perduota energijag. Buvo nustatyta, kad superlaidZios EGP vél yra pra-
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11 pav. Laiptelio formos srovés impulso amplitudés jtaka mechaninei energijai
perduotai EGP i§ II tipo superlaidininko, vario ar aliuminio. /.4=7 mm, j.=5-
10 A/m? (a) ir I,4=5 mm, j.=3.55-107 A/m? (b).
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naSesnés maZesniy amplitudZiy riboje. AmplitudZiy diapazonas kur super-
laidZios EGP pranasesnés buvo susiaurintas stipraus magnetinio stabdymo.
Naudojant j.= 3.55-107 A/m?, I.,4=5 mm parametrus, dél stipraus stabdymo
energija, perduota superlaidZziai EGP, ima maZzéti vir§ijus ribin¢ srovés laipte-
lio amplitude. Mechaninés energijos suteiktos jvairioms EGP dviejy startiniy
atstumy atveju priklausomybés nuo sroves laiptelio amplitudés pateiktos 11 pa-
veiksle.
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Bendrosios iSvados

Cilindrinis aliuminio sviedinys heksagonalinés bégiy tipo elektromagne-
tinés svaidyklés, veikiancios nuoseklaus jungimo sustiprinto lauko reZi-
me, vamzdyje Zenkliai paveikia magnetinio lauko dinamika savo aplin-
koje. Magnetinio lauko iSkraipymas slopsta tolstant nuo sviedinio pavi-
rSiaus ir yra stipriausias magnetiniam laukui staigiai kintant. | tai turi
biiti atsizZvelgta kuriant tokiy svaidykliy Saudmenis.

Sutelkty elektriniy parametry lygtis gerai apraSo magnetinio lauko dina-
mika ir pagautag magnetinj srautg plonasieniame superlaidZiame vamzdy-
je. Kritinj srovés tankio ir magnetinio lauko sarysj bei laipsninio désnio
rodiklj galima jvertinti i$ magnetinio impulso matavimo vamzdZio vidu-
je.

Ploni YBCO sluoksniai, pagaminti PI-MOCVD biidu ant Al,O3 padékly
su CeO, pasluoksniu, temperatiirose Zemesnése nei krizin¢ superlaidu-
mo temperatiira T;, nuolatiniame magnetiniame lauke, didesniame uZ
slenkstinj laukg B, pasiZymi tiesine magnetovarZa, apraSoma Bardeen-
Stephen’o modeliu.

Siy sluoksniy mikrotilteliai nuolatinés jtampos reZime pasiZymi S for-
mos voltamperinémis charakteristikomis. Esant pastovios srovés reZi-
mui, iSorinis magnetinis laukas juose i$Saukia laike augancios varZos
nestabiluma. Siuos reiSkinius galima gerai paaiskinti homogenigku mik-
rotiltelio Joule’io Silimu dél magnetinio srauto ttkmés nulemtos varzinés
biisenos.

Superlaidaus YBCO disko, atSaldyto iki 77 K, greitinamo elektromag-
netiniu biidu ploksciaja rite, vertikaly judéjimg ir magnetinio lauko di-
namikg tarp rités ir disko galima gerai sumodeliuoti baigtiniy elementy
metodu, remiantis Maxwell’o lygtimis jy H formuluotéje, darant prielai-
da, kad superlaidininko elektrinio lauko priklausomybé nuo srovés tankio
yra laipsniné funkcija.

Mechaniné energija, perduodama superlaidZiai disko formos elektro-
magnetiSkai greitinamai platformai (EGP) i§ impulsinio magnetinio lau-
ko Saltinio, didé¢ja augant EGP medZiagos kritiniam srovés tankiui, taciau
turi riba, kuri priklauso nuo magnetinio impulso amplitudés ir pradinio
EGP atstumo nuo magnetinio lauko Saltinio.

Energija, perduota disko formos EGP i§ II ruSies superlaidininky, rités
tipo svaidyklése priklauso nuo rite tekancios srovés impulso formos,
amplitudés ir trukmés. SuperlaidZios EGP yra pranaSesnés uZ meta-
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lines maZesniy impulso amplitudZiy ruoZe ir greitinant impulsais su
maZesnémis laikinémis iSvestinémis.

* Naudojant laiptelio formos srovés impulsus II tipo superlaidZioms EGP
greitinti stebimas stiprus magnetinis stabdymas, taCiau superlaidZios
EGP islieka pranaSesnés uz metalines maZesniy laiptelio amplitudZiy
ruoze.
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APPENDIX A: LUMPED PARAMETER EQUATION

To arrive at the lumped parameter equation (2.2.2), we start by integrating
eq. (1.3) over the cross-section of the the tube:

//QVXE.dsz//Q—‘?:.dS. (A1)

Applying Stoke’s theorem and separating the magnetic field the into the induced
and the external components we arrive at:

dd, IP,
E-dl=——— - . A2
/ o o (A2)
Using the definition of inductance and evaluating the integral we get:
dl 0P,
2nRE = —L— — . A3
4 dt ot (A-3)

We expect a uniform current distribution along the length of the tube, so
we assume that the tube is comprised out of n = [;/d ring elements that carry
identical current. Under this assumption, current in one ring is I = d”j. The
inductance L can be estimated under the same assumption using well known
equations for solenoids. @, is n times larger than flux through one ring. Using
power-law eq. (1.17) for E we arrive at the lumped parameter equation:

dl  2mR-E. ., I, ,dB,(t)
(1" = SR

@t (@(B)) a™ s
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Magnetic Field Expulsion From a Conducting
Projectile in a Pulsed Serial
Augmented Railgun

Vilius Vertelis, Gregory Vincent™, Markus Schneider™, Saulius Balevi¢ius™,
Voitech Stankevic¢, and Nerija Zurauskiene

Abstract—The bore of a railgun is a harsh environment
with high transient magnetic fields, temperature gradients, and
forces. Most common payloads in railgun launch are made from
conductive materials. In this article, we consider the effects of
the transient magnetic field on a conducting payload during
an electromagnetic launch by a serial augmented hexagonal
railgun. The magnetic field distribution in the proximity of a solid
aluminum payload was investigated by numerical calculations
and experimentally by using a CMR-B-scalar sensor array.

Index Terms— Augmented railgun, magnetic field diffusion,
pulsed magnetic field.

I. INTRODUCTION

LECTROMAGNETIC railgun is a promising device for
military applications and space launching [1], [2]. During
the past decade, the augmented electromagnetic railgun was
an object of intensive research and development [3]. An aug-
mented railgun is an arrangement where an external magnetic
field is used in addition to the magnetic field generated by
the driving rails themselves. This additional magnetic field
results in a higher propelling force on the projectile for the
same armature current. It allows for operating at a lower
current, meaning lower Joule heating and the ability to use
a wider selection of power supplies. The augmentation can
be realized in several ways, e.g., permanent magnets [4],
persistent mode superconducting electromagnets [5], or pulsed
electromagnets [6]-[9].
Large efforts were directed at the studies and design of
various types of multiturn augmented railguns [10]-[13].
These devices differ from one another by their magnetic field
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configuration, which affects the efficiency of the augmentation.
It also significantly differs from the conventional one-turn
railgun by having the magnetic field in front of the armature
as well. This magnetic field can significantly affect the launch
payloads, which range from simple metal rods [14], [15] to
complex smart projectiles [16] or even nanosatellites [17].
In all of these cases, the launch package contains conductive
parts, which in a transient magnetic field will, for a short time,
expel a portion of the field from its interior due to an induced
current, thus changing the magnetic field configuration around
and inside the conducting payload.

Recently, a new design of a multirail hexagonal railgun
with hexagonal rail arrangement [18], [19] was introduced.
The main advantage of this device is its versatility. The setup
can be arranged in a segmented, multishot, or augmented
configuration, the latter being used for the purpose of this
article. In this article, we present the magnetic effects in
close proximity to a cylindrical conductive payload placed
inside an augmented mode hexagonal railgun. Time-dependent
magnetic field distribution was calculated using the finite-
element method (COMSOL Multiphysics AC/DC module).
These calculations were compared with experimental measure-
ments performed using CMR-B-scalar sensor array [20], [21].

II. THEORY

To calculate the dynamic magnetic field, distribution around
a conductor exposed to a pulsed magnetic field diffusion can
be employed. Dynamic magnetic fields enter a conductor via
a diffusive process where eddy currents induced by a temporal
change of the magnetic field cause the generation of a field
opposing the change in the applied field inside the conductor
(Lentz’s rule). Due to the superposition of these fields, the net
field is now reduced inside and near the sides normal to the
field lines and increased around the sides of a conductor. The
induced eddy currents decay with a specific time constant
determined by the conductivity of the metal. As the current
decays, the magnetic field penetrates further into a conductor
until a stationary configuration is reached. Now, if the external
field begins to decay, the process reverses and the induced
currents try to maintain the flux penetrating the sample.

To describe the problem mathematically, we need a set of
Maxwell’s equations

vxE=_28 )
XE=——

ot
VxB=ul 2)
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For low power railguns, where Joule’s heating can be
neglected, the conductor can be considered linear and
isotropic, and then using Ohm’s law J = ¢ E in (1) and
V- B =0, we arrive at magnetic diffusion equation

1
uo
where u and ¢ are magnetic permittivity and electric conduc-
tivity, respectively. This equation describes how magnetic flux
density behaves and changes in time inside a conductor. The
quantity (o)~ is called the magnetic diffusion coefficient.

Conductors moving in a magnetic field generate an elec-
tromotive force. For our calculations, we will consider the
payload to be electrically isolated from completing a circuit,
so that only the screening current is flowing inside the payload.
During the operation of a pulsed augmented railgun, the exter-
nal magnetic field is dynamic, hence the boundary condition
for (3) is time-dependent. Although analytical solutions might
exist for some geometries and field pulse shapes, numerical
methods provide more flexibility.

If magnetic shielding is the main concern, the solution to (3)
for a geometry of interest (e.g., a hollow cylinder) gives full
temporal and spatial magnetic field distribution. With this, it is
possible to evaluate the shielding performance of the design,
i.e., penetration depth and the magnetic transients.

We are generally interested in the field distribution around
the conductor during the magnetic pulse, but so far we have
only got the internal part. To get the full induced field, we need
to insert the solution of (3) into (2) to get the current density
distribution. The next step is to apply Biot—Savart law

e ] 5

IRJ?
where R is a vector from the position of integration kernel
to the point of interest (R = r — r’) and V is the volume
of the sample. Combining the Bj,q with the external field,
we arrive at the magnetic field distribution around a conductor
in a pulsed magnetic field environment at a given moment.

In our calculations, a homogeneous augmentation field pulse
with only a z component B;(r) was assumed. An experimen-
tally measured magnetic field pulse was used as a boundary
condition for (3). The solution for (3) is a function of coor-
dinates and time. Since the field only has z component, then
the induced current density will be equal to

= (3)

dv

“

1/d d
J(t,x,y,x)=—(=—=B(t,x,y,2),———B:(t,x,y,2),0). (5)
w\dy dx

We put this expression for current density into (4) which
we integrated numerically and got the field distribution

B(t,x,y,z) = (0,0, Bz(1))
1
+/// g v Res —JxRe, JeRy = Iy Ry)dx'dy'dz’ (6)

where R = (x — x/,y — y',z — Z/) and the components
of (Jx, Jy, J;) are functions of the integration coordinates
x’,y’, 7. The integral does not need to be carried out strictly
over the volume of the payload. Integrating over a box around
it is enough, because the amplitude current is zero outside the
payload and does not contribute to the value of the integral.
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III. EXPERIMENTAL SETUP

The SR\3-60 is a multirail electromagnetic launch platform
that can be configured in multiple arrangements. This railgun
has 3 pairs of 2 m long rails offset by 60°, forming a hexagonal
bore with 29mm face to face. For our experiments, the
SR\3-60 was operated in a serial augmented configuration. The
rails were short-circuited at the breach and the muzzle in such
a way that the side rails were used for field augmentation
and the vertical pair for driving the projectile. All the rails
were connected in series because of concerns about magnetic
coupling and the lack of protection against it. Fig. 1 shows the
cross section of the SR\3-60 and current directions (looking
from the breach). Static experiments were performed with the
driving rails disconnected from the circuit.

For our launch package, we 3-D printed a hexagonal plastic
housing (28 mm face-to-face) for a copper brush type armature
and an aluminum payload. The total length of the package
was 6 cm. The payload was a cylinder with a radius of a 12 mm
and a height of 24 mm. The cross section of the launch package
in between the drive rails can be seen in Fig. 2. The payload
was placed inside a 3-D printed sabot so that it would be

Authorized licensed use limited to: Vilnius University. Downloaded on May 11,2020 at 13:18:09 UTC from IEEE Xplore. Restrictions apply.
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electrically isolated from the rails and from the armature. The
distance between the brush and the payload was 19 mm. The
total mass of the launch package was 57 g.

Although it would be ideal to measure the magnetic field
in the projectile’s frame of reference during launch, it is
difficult to achieve because the sensors would have to travel
with the projectile. Another way of measuring the complete
magnetic field dynamic would require a large number of
sensors along the bore. For simplicity, to measure the magnetic
field distribution around the payload, four CMR sensors were
placed as shown in Fig. 2. Four slits were milled in the glass-
reinforced plastic (GRP) housing in between top and bottom
side rails with the first slit being 88cm from the breach
and others every 8 mm toward the muzzle. When inserted,
the measuring volumes of the sensors were 18 mm from the
bore’s center. The relatively small active volume of the sensors
(0.5mm x 50um x 400nm) provides a localized measure-
ment in comparison with the scale of the experiment.

Sensors based on colossal magnetoresistance record the
absolute value of the magnetic field instead of its projection
to the active plane. The anisotropy of sensitivity is negligible
for fields higher than a few hundred mT making them ideal
to measure fields where the field direction is changing during
the experiment.

For static shots (no acceleration), the launch package was
placed such that the mid-point of the aluminum cylinder would
coincide with the Ch1 sensor. A series of dynamic shots (with
launch package acceleration) was performed with the distance
between the center of the payload and the first sensor of 0,
1:2, 6:2, and 11:2 cm, respectively.

IV. RESULTS AND DISCUSSION
A. Experimental

The results of static experiments are presented in Fig. 3.
The experiments were repeated twice for every configuration
and showed perfect reproducibility. The magnetic field pulse
generated by the augmentation coils alone (no payload inside
the bore and the driving rails disconnected form the circuit) is
depicted as a dashed line for reference. All three sensors mea-
sured identical pulses when no launch package was present.

When performing the same measurement with the aluminum
payload centered around the Ch1 sensor (with driving rails still
disconnected), as expected from considerations in Section II,
close to the center of the projectile the magnetic flux density
was reduced in comparison with the reference pulse. The
difference was 300 mT (8%) at a distance of 6 mm from the
projectile’s surface at peak current measured by Chl. Chl and
Ch2 measurements are close to each other while Ch3 is visibly
higher. This difference from the reference measurement was
caused by the generation of eddy currents inside the pay-
load, which in turn generates an additional magnetic field of
opposing direction. The difference diminished afterward and
became unnoticeable at about 1 ms where the difference from
the reference vanishes as well. At around 2 ms, measurements
with the payload started to diverge from the reference by
decaying slower as the induced currents try to maintain the
already captured flux. It has to be noted that the measured

4 ! !
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\ o f—cn2
Q Ch3
®  Ch1sim
3H v o Ch2sim
r \\‘ Ch3 sim
(— = Reference
=2 I N
m
|
‘l g
1
| D
S
. SAT.
0 ‘I~‘\\\—*~~I._ .
0 1 2 3 4 5 6
t,ms
Fig. 3. Absolute value of magnetic flux density in the proximity of the

static payload, reference measurement without the payload and a result of
simulation based on method described in Section II.

current through the rails is slightly lower without than with
the launch package (10% at 3ms, 16% at 4 ms), possibly
due to changes in system resistance from shot to shot. The
measurements start to diverge around 1.5 ms.

The normalized curves of the measured current and mag-
netic field noticeably differ in shape, especially around the
peak. This suggests that the current density distribution is
not constant in time for this rise time. This is of no surprise
and happens because of the skin effect. The tail part of the
curves decays with the same rate, implying that the current
distribution becomes constant though not necessarily uniform.

During the dynamic experiments, projectiles were acceler-
ated to top speeds of about 110m/s within 4ms with peak
acceleration of 72km/s? at peak current. Fig. 4 shows the
magnetic field measurements during launch with different
projectile start positions from the sensors.

The position of the projectile remains relatively unchanged
for about 0.5 ms so the initial peak can be interpreted as static.
We see that the amplitude of the measurements again depends
on the proximity to the payload. This decrease is visible up
to 28 mm from the center of the payload. Measurements at
greater distances reveal identical values except for the second
peak. When the projectile is centered, we can see a slightly
higher field in Chl right after the peak (0.5 ms—0.8 ms) current
that could be caused by the payload trapping some flux.

The second bump seen at different times (offsetting the
field equally for all of the sensors) is caused by the armature
passing by the sensors. As the projectile moves, the current-
carrying portion of the driving rails increases. The different
time intervals and rise angles between evenly spaced sensors
speak about acceleration and are more pronounced in closer
distances where acceleration is the highest (within 5 cm). After
passing the sensors, all three pairs of rails carry the same total
current instead of two, and hence the increase in the field.

B. Modeling

In order to quantitatively analyze the experimental results,
a numerical code was built following the steps described
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experiments and the dynamics of the payload. D is the start position measured
from the center of the payload to the Chl sensor.

in Section II. The model assumed a pulse of a spatially
uniform magnetic field perpendicular to the axis the cylin-
der (parallel to the z-axis in the figures) being applied
to a cylindrical payload with dimensions matching those
of the physical one. The reference measurement was used
as a time-dependent boundary condition on a surface of a
cylindrical domain over which the diffusion equation was
solved. Eddy currents were calculated by taking a curl of
the solution to the diffusion equation, and the induced mag-
netic field was calculated with (4). For the total field value,
we took the superposition between the applied and the induced
fields.

The simulation results obtained from the model at sen-
sor positions can be seen as points in Fig. 3. Simulation
results show good agreement with the experimental mea-
surements both in absolute value and in proportion between
the sensors. The simulation slightly overestimates the effect
of field reduction around the peak of the pulse (focused in
the inset) but is quite accurate during the tail of the pulse.
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Comparison between experimental results and an FEM simulation.

Time=0.25 ms Magnetic flux density norm (T)

Fig. 6. Distribution of magnetic flux density when the railgun bore is empty.

The cause of this could be the fact that the augmentation
field in our experimental configuration is nonuniform. The
uniform field simplification is more suitable for the cases
where the augmentation rails are further from the payload. Our
reference measurement was taken in an area of the highest
field (in between the augmentation rails), meaning that the
magnetic field around the sample was lower than that, hence
would induce lower currents. The fact that the decaying part
is accurate has to do with the fact that the eddy currents are
deeper inside the payload when the magnetic field has diffused
further into the sample, so that their distribution has a lower
effect on the external field.

In order to account for the inhomogeneity of the field,
a finite-element method (FEM) model was built. We modeled
a time-dependent magnetic field response of a 10cm long
section of the rails with and without an aluminum payload
at the center. The augmenting rails were supplied with a
current pulse of uniform density and a shape of the ref-
erence magnetic field measurement (peak value of 121kA,
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Time=0.1 ms Magnetic flux density norm (T)

Time=0.5 ms Magnetic flux density norm (T)

Fig. 7.

experimentally measured —118kA). We are aware that this
is not true, but modeling the actual time-dependent current
density distribution is outside of the scope of this article
and would serve little purpose, since we are investigating the
effects of the projectile.

The FEM simulation results corresponding to the field val-
ues at the sensor positions can be seen in Fig. 5 and are in good
agreement with the experiment. Experimental measurements
are, again, slightly higher than the values predicted by the
simulation. We believe that this could be a consequence of a
lack of precision while placing the sensors or the projectile as
small variations in the distance have notable effects on field
measurements in such close proximity.

The magnetic flux density distribution calculated with an
FEM solver at peak current when the bore is empty can be
seen in Fig. 6. The augmentation is providing close to 2T
in the middle of the bore where it would interact with the
driving current and 3.7 T in between the augmentation rails.
This result is close to the one experimentally measured. It can
be seen that the driving rails, which in the static case do not
carry the excitation current, are subject to the transient field
and are expelling it.

Time=0.25 ms Magnetic flux density norm (T)

Time=2 ms Magnetic flux density norm (T)

Magnetic flux density distribution in a yz plane intersecting the center of the payload at different times of the magnetic field pulse.

The magnetic flux density distribution at different times with
the payload present are shown in Fig. 7. Initially, the magnetic
field is expelled from the interior of both the payload and the
driving rails resulting in magnetic field redistribution around
them. Magnetic flux density is reduced at the poles parallel
to the z-axis and increased at ones parallel to the y-axis.
Deviations decrease with time as the field penetrates deeper
into the conductors. At around 2 ms, the field fully penetrates
the sample. The reversal of the effect is present but very slight
and could be better seen in Fig. 5.

Initially, only the thin surface sections of the payload and
the rails support the magnetic field. With time, the magnetic
field can be seen diffusing deeper into the conductors with
different rates. The field penetrates the payload faster than the
rail because the conductivity of aluminum is almost half that of
copper. Magnetic permeabilities of the materials do not play
a big role because they are effectively equal to that of free
space.

These results give some insight into projectile design. Using
less conductive metals like tungsten for projectiles would
minimize the effect because of the faster diffusion. If shielding
is the main concern, then more conductive materials are to
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around the conductive payload.

Magnetic field distribution in xy plane showing field concentration

be used. The most dangerous part of the pulse for electronics
is the fast rise because of the high induced electric field (1).
Even if the field penetrates the shielding, the potential harm
is reduced due to reduced amplitude and rise time. Areas to
take more care about would not be the ones with the lower
field, but rather the areas with the higher field. Fig. 8 shows
the magnetic flux density distribution in the yx plane going
through the center of the payload. The field is increased around
the edge of the conductor as it is expelled from its volume and
needs to go around. The area between the armature and the
conductive payload would temporarily have reduced field due
to opposing field directions between the one generated by the
armature and redistributed augmentation field. This would lead
to net attraction between the armature and the payload.

V. CONCLUSION

The investigations of the magnetic field dynamics inside the
bore of a serial augmented hexagonal railgun have revealed
that a conductive payload noticeably alters the field con-
figuration. We have calculated and experimentally validated
the transient magnetic field distribution around a conductive
cylindrical payload. The magnitude of the magnetic field
disturbance decays sharply with the distance from the surface
of the conducting payload and is the highest during the abrupt
change of magnetic field pulse. The effect of magnetic field
expulsion should be taken into consideration when designing
launch packages.
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ABSTRACT

In this work, we present an investigation of transient magnetic field behavior in thin-walled superconducting tubes. It has been deter-
mined that if the thickness of the tube wall is significantly less than Bean’s penetration length, the non-linear magnetic field diffusion
equation describing the field propagation process inside the tube can be replaced by a simplified lumped-parameter equation. This
makes it possible to quickly calculate the current induced in the tube wall and the magnetic field penetrated in the tube cavity. In order to vali-
date this theory, an experimental study of transient magnetic field penetration into a Pb-doped B-2223 (Bi; gPbg 6Sr,Ca;Cu3O1o4) tube was
conducted. This was done at the temperature of liquid nitrogen using a search coil (B-dot) and a miniature colossal magnetoresistance (CMR)-
B-scalar magnetic field sensor made from manganite films, which exhibit a CMR phenomenon. The experimental results were then compared
with the datasheet of the superconducting tube manufacturer and the 2D axisymmetric finite element model. It was demonstrated that combin-
ing the measurements of the magnetic field outside and inside the tube with the lumped-parameter description allows one to obtain the follow-
ing information: the screened and trapped magnetic field, the critical current density vs the magnetic field dependence, and the power law
index of the superconducting tube material. This enables the development of a fast, non-destructive method for testing the quality of supercon-
ducting tubular current leads.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5145370

I. INTRODUCTION envisioned using the metalorganic decomposition technique."” In
such cases, it is important to have a non-destructive means with
which to evaluate the intrinsic parameters of the superconducting
material. Usually, the properties of interest are the maximal magnetic

field (B.) that can be screened by the superconductor (not to be mis-

Hollow superconducting cylinders are used in permanent
magnets,' magnetic shields,"* fault current limiters,””'’ and
superconducting high-energy particle accelerators.'' For operating
and testing these devices, it is very important to know how the

pulsed magnetic field flux penetrates the cavity of the cylinder.
Studies of this process within bulk type II superconductors (rings
or thick wall hollow cylinders) exposed to pulsed magnetic fields
have been carried out previously.' ">

However, thin-walled superconducting tubes or pipes are used
for many other hollow cylinder applications. This thin-walled tube
configuration helps reduce the high costs of superconducting material
when it is used for magnetic shields or for “smart superconducting
grids” such as those delivering both chemical fuel (liquid H,) as the
coolant and electricity via a superconductor.'*'” Long pipes made
from MgB, by hydro-extrusion'” or by coating paint'® have been
proposed. Pipes coated with YBCO (YBa,Cu3;O;_,) were also

taken with the thermodynamic critical field), the critical current
density (jc) vs the magnetic field (B) dependence, and the electric
field (E) vsthe current (j) power law exponent (n).

In order to obtain these parameters, the experimental results
need to be evaluated using an adequate theoretical model adapted
to the experimental conditions. Such results were achieved quanti-
tatively for various cylinder configurations by employing the
method described in Ref. 20. This method was also applied for the
systematic investigation of the magnetic field responses of tubes
with different dimensions and different magnitudes of the applied
field.”' In Ref. 22, thin-walled superconducting hollow cylinders
made from polycrystalline current were induced in the tube wall,
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Published under license by AIP Publishing.

127, 1139011



Journal of
Applied Physics

and the magnetic field was penetrated in the tube cavity. In order to
validate this theory, an experimental study of transient magnetic field
penetration into a Pb-doped B-2223 (Bi; gPbyg,6Sr,CayCuzO1o-x)
material was investigated, using different transient magnetic field
sweep rates. The theoretical approach used in Refs. 20 and 21 was
based on the calculation of the current distribution in the bulk of the
superconducting material, which, however, is the result of discrete
coupled superconducting circuits carrying different currents in differ-
ent regions along the radial direction of the superconducting tube.
Thus, for tubes with various configurations, it is necessary to choose
specific discretization algorithms, which makes the calculation proce-
dure dependent on the tube geometry. Fortunately, for a geometry-
like thin-walled tube, this description can be simplified without
losing the validity of the calculation procedure. Since the walls are
thin, it is thus possible to assume that there is no spatial variation
in the current density throughout the thickness of the wall. Joule
heating can also be neglected due to the effective cooling of the
superconductor material. Hence, measuring the magnetic field
inside a thin-walled superconducting tube should provide more
accurate information about its superconducting material proper-
ties than in the case of thick-walled tubes.

In this paper, we present an experimental study of the
magnetic field dynamics inside a small diameter (5mm outer), a
thin-walled Bi-2223 tube, exposed to an axial pulsed magnetic field

ARTICLE scitation.org/journalljap

of several milliseconds duration, by using both an inductive (B-dot)
and a novel miniature (107> mm? effective volume) resistive B-scalar
sensor based on a colossal magnetoresistance phenomenon (CMR).
We propose a simple method for the analysis and determination of
the main parameters of the superconducting material, based on a
lumped-parameter equation and the measurement of the magnetic
field outside and inside a thin-walled tube. This non-destructive
method can be used for the quick characterization of type II super-
conducting materials having the shapes of thin-walled tubes. This
method also makes it possible to predict the screening and trapping
of the magnetic fields in tubes with known parameters.

Il. EXPERIMENTAL

For this investigation of the penetration of a pulsed magnetic
field into a thin-walled superconducting tube, a commercially
available Bi-2223 superconductor tubular current lead™’ was used.
It was 33 mm in length and had an outer diameter of 5mm. The
tube used was made by cutting out a section of a 70 mm tube in
order to avoid the influence of the silver contact layers deposited at
the ends of the tube. The thickness of the tube wall was 0.5 mm. A
schematic diagram of the experimental setup is presented in Fig. 1.
This superconducting tube was installed into a special 6 mm inner
diameter coaxial holder, which was placed vertically along the

Pulsed power generator 1 Magnetic field coil
1
1N
—O 20
VRog O L
— C1
R

%

Pulsed power gﬁnerator 2

Coil 2x25
100mm

2 /\

170mm

FIG. 1. Schematic diagram of an experimental setup.

J. Appl. Phys. 127, 113901 (2020); doi: 10.1063/1.5145370
Published under license by AIP Publishing.

127, 113901-2



Journal of
Applied Physics

longitudinal axis of a cylindrical plastic container filled with liquid
nitrogen. This container was then put inside a coil made of two
layers with 25 windings in each. The height of the magnetic coil
was 10 cm and its inner diameter was 18 cm. The coil was made
from a 2.2mm diameter copper wire and had an inductance of
395uH. For the generation of the pulsed magnetic field, a high
current pulse generator described in Ref. 24 was used. In order to
measure the current and to calculate the applied magnetic field
generated by the coil, a Rogowski coil was mounted on one of the
current pulse generator current leads.

A textolite spacer was inserted at one end of the supercon-
ducting tube to reduce the free space inside the coaxial holder
and to ensure the same spatial configuration on every measure-
ment. A magnetic field probe (B-dot or CMR-B-scalar sensor)
was inserted through the other end of the tube so that the
sensor measurement volume would touch the spacer. This puts
the sensor about 17 mm from the end of the superconductor
and in the middle of the coil-generated magnetic field distribu-
tion plateau. The applied magnetic field was calculated using the
current flowing in the magnetic coil, which was measured with
the Rogowski coil.

The B-dot sensor consisted of a 2 mm diameter, 20 windings,
5mm length search coil. The uncertainty of the integration cons-
tant of the B-dot sensor and the slow magnetic field decay at the
“tail” of the magnetic field pulse were the main sources of measure-
ment error, which in our case was no more than 5%. Additionally,
for the measurement of the magnetic field inside the superconduct-
ing tube, we used a miniature (active volume 1072 mm? effective
volume, probe radius 1 mm) CMR-B-scalar sensor, which was made
from thin nanostructured La-Sr-MnO films, exhibiting the colossal
magnetoresistance phenomenon. These CMR-B-scalar sensors have
a non-zero response to a magnetic field running in all directions.
This property makes them a useful measurement tool in the case of
a pulsed magnetic field, where this field simultaneously changes
magnitude and direction. These sensors can successfully operate at
room temperatures. However, at liquid nitrogen temperature, the
La-Sr-MnO film is in a ferromagnetic state and exhibits a long-term
remnant resistance relaxation process.”” This phenomenon needs to
be taken into consideration as it can induce additional measurement
errors. In order to overcome this difficulty, a special experimental
arrangement was used, which allowed for the insertion and removal
of the superconducting tube from the cryostat without changing the
sensor’s remnant resistance.

Measurements of the pulsed magnetic field inside the super-
conducting tube using the CMR-B-scalar sensor were performed
in the following way: The first step was sensor conditioning
without the superconductor. For this purpose, the sensor was
cooled down to 77 K and exposed to a magnetic field pulse with a
peak value of 0.5T. The superconductor tube was then slowly
submerged into the liquid nitrogen so that the CMR-B-scalar
sensor would be located at the center of the tube. After a test
with the superconductor tube, the tube was then removed, and
the CMR-B-scalar sensor was calibrated using a magnetic field
pulse of a known shape and amplitude. Before each subsequent
measurement, due to the permanent magnetization of the super-
conducting tube, it was heated above its critical temperature Tc
by withdrawing it into ambient air.

ARTICLE scitation.org/journalljap

11l. THEORY
A. Lumped-parameter model equation

The dynamics of the magnetic field inside a II type supercon-
ducting hollow cylinder (tube) exposed to a pulsed magnetic field
exhibits three phases.” The first phase, called the “delay,” manifests
itself up to the time instant when the maximal field (B.) that can
be screened by the tube sample is reached. The magnetic field
inside the tube during this phase is negligibly small. The second
phase shows a partial penetration of the magnetic field (B;) inside
the tube when the applied field (B,) becomes higher than B.. This
field (B;) then grows up to its peak value, which coincides in time
with the maximum of B,. The third phase is the decay of the B;
value over time. This contains two periods: the fast and the very
slow, which are related to the decay of B, and the flux creep, corre-
spondingly. The dynamics of the magnetic field density (B) at any
point in space during all these phases can be calculated using the
magnetic diffusion equation, which in its differential form is

VX(E(VXB))Z*%, (1)

where p is the resistivity of the material. For type II superconductors,
p strongly depends on the current density j. This can be obtained
from Ohm’s law E = pj using an empirical power law relation,

_ iy
Fek (1}(3)) : @

where E. is the critical electric field (14V/cm), j and j. are the
current density and the critical current density at which the critical
electrical field is reached, and 7 is an empirical parameter that repre-
sents the quality of the superconductor and its electric behavior in
the resistive state caused by vortex motion. The critical current
density j. is a function of both the magnetic field (B) and the tem-
perature (T). For this reason, power dissipation and the cooling con-
ditions need to be taken into consideration. The solution of Eq. (1),
using relation (2) in the general case, requires integration accord-
ing to coordinates. However, a long thin-walled superconducting
tube can be modeled as a solenoid wound out of a thin wire.
Equation (1) can then be transformed into a relatively simple
lumped-parameter equation for the current flowing in one
winding (I = d%j) in which the geometry of the tube is repre-
sented by the inductance of the solenoid (L),

Ld, 2R E |1\"*11—Ji Y0 3
dt " (&j(B)" TTa" Ta

Here, d is the thickness of the tube wall, R is the tube radius
(R > d), and I is the tube length. This makes it possible to avoid
the spatial integration of (1). The inductance L can be calculated
from well-known solenoid equations assuming that the thin-
walled superconducting tube is a single layer solenoid having a
finite length [, and a wire thickness of d. The main requirement
for such an approach is that the difference between the magnetic
field at the outer and inner sides of the wall be small in
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comparison with the absolute values of these fields. This appears
that Bean’s penetration length (I,), which is a function of B, as
Iy = By/(ujc) (here, i is the magnetic permeability), significantly
exceeds the wall thickness (d). Thus, this “thin-walled” condition
can be satisfied when B, is several times higher than B..

Moreover, this thin wall also enables the realization of good
cooling of the superconducting material if the tube is submerged
inside the liquid cooling media. In such a case, the p dependence
on temperature is minimal and does not need to be taken into
account. The assumption that a thin-walled superconducting tube
can be imagined as a thin single layer solenoid in which the cross
section of each turn is d* makes it possible to easily calculate the
magnetic field (B;) in the center of the tube. This field value is then
directly proportional to the current I (B = SI) with a conversion
constant (8) equal to Ref. 27,

g uls
2d\/R2 4+ 5

After the external field pulse vanishes (B, = 0), an analytical
solution of the trapped field decay can be obtained by solving
Eq. (3) assuming that j. remains constant. In this case, the expres-
sion for Bic(t) is

(4)

B Ed - 27R ]TF

Bie(t) = By '+ (1—n) pERTE (5)

Here, By is the trapped magnetic field inside the superconducting
tube at the end of the applied magnetic field pulse and j. is the crit-
ical current density at this field amplitude. The analytical expres-
sion (5) can be used for a simple determination of the exponent n
in the empirical power law when taking the B, value from the
beginning of the experimentally obtained Bj. decay curve.

To accurately measure B;, the axial magnetic field should not
vary much in the vicinity of the measurement volume. This
requirement can be achieved in two ways: by using a small mag-
netic field sensor or by increasing the length I of the tube so that
the influence of the tube ends would be negligible. The influence
of the tube geometry was investigated using the numerical results
obtained in Ref. 21 for thick-walled tubes having different [/R,
ratios (R, is the average tube radius). It was demonstrated that
when /R, > 10, the magnetic field gradient up to 2 R, distance
along the tube longitudinal axis is negligible. Thus, a tube, with a
length of [, about an order of magnitude higher than its radius R,
can be characterized as a “long” tube, and a sensor with dimen-
sions that are smaller than R, can be successfully used for the
accurate measurements of B;.

The results of the lumped-parameter model were compared
with a 2D axisymmetric finite element model (FEM) based on an
H formulation”” using the same material properties. This model
was constructed using Comsol multi-physics software. The
heating effects were also neglected. A spatially uniform, time-
dependent external magnetic field was applied on the solution
domain boundary. An experimentally obtained applied magnetic
field pulse was then used for the pulse shape so that the results
could be compared directly.

ARTICLE scitation.org/journalljap

B. Modeling of the dynamic magnetic field
penetration

In order to investigate how the lumped-parameter model
equation describes the penetration of the magnetic field inside a
tube made from a type II superconductor, we took into consider-
ation the experimentally obtained relationship between j. and B. As
is typical for its low and middle field ranges, this relation at rela-
tively low magnetic fields j. abruptly decreases with an increase of
B, while in the medium magnetic fields, the j. vs B tends to saturate
so that j becomes approximately constant.””

Figure 2 shows the calculation of the magnetic field inside the
tube for several half-sine applied magnetic field pulses when
the amplitudes are in the range where j. is constant. In such a case,
the magnetic field penetration is not well described at the low mag-
netic fields (i.e., at the beginning of the pulse), but when the exter-
nal flux density significantly exceeds B, and condition j. = const. is
satisfied, the lumped parameter equation is able to accurately
describe the properties of the B. dynamics. Once the external field
starts to decrease, the supercurrent changes its direction to main-
tain a constant flux throughout the tube. This creates a plateau
region in the B; pulse waveform. The B; value at the plateau stays
constant until the difference between B, and B; becomes equal to
B.. With a further decrease of B,, the B; begins to decrease, and the
remaining trapped flux density is then B..

The influence of # on the B; dynamics when j. is constant is
presented in Fig. 3. The calculations were performed using Eq. (2)
without the implementation of the p saturation when the supercon-
ductor goes into its normal state. In this case, the simulations were

jo=const.| |
4 =20 Ba
3
Bi
@
m
1
0
0 2 4 6

tms

FIG. 2. Simulation results illustrating the effect of a fixed duration applied
magnetic field pulse (B,) on the magnetic field (B;) inside a superconducting
thin-walled tube normalized to the maximal field (B;) that can be screened by
the sample.
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more accurate at the higher n values because the low n values do
not produce a sharp step, thus giving a lower resistance than one
would expect from such experimental observations when j > jc.
The results obtained using a fixed magnetic pulse, having a 3 ms
duration and an amplitude B, = 3B, (see Fig. 2), showed that the
lower n values produce lower B; amplitudes. However, it needs to
be noted that the B; value depends on the combination of n and
the time derivative of B,. For this reason, at low B, derivatives
(long duration pulses), the B; amplitude could increase with the
lower n values, but this increase is weak at n values higher than 20.

Figure 4 illustrates the B; dynamics at the low B, range when
je is a function of B. For this simulation, the j. vs B dependence
was approximated by using the simple exponentially decaying func-
tion, where joo is the critical current density at B=0 and « is the
empirical coefficient, which depends on properties of the supercon-
ducting material. This shows how abrupt the j. vs B dependence is.
As it can be seen from Fig. 4, an increase of o makes the B; pene-
tration rate slower and increases the trapped magnetic field value.
With decreasing j., the duration of the plateau region also
decreases. For very low values of j, the plateau could become hard
to measure, but a plateau is a sign that the sample remains super-
conducting at that field. Thus, the parameter showing the abrupt-
ness of the j. vs B dependence is the main variable when fitting the
experimentally obtained B; dynamic curves.

IV. RESULTS AND DISCUSSION

Figures 5 and 6 show the experimental measurements of B, and
B; when the superconducting tube was cooled down to 76 K. These
measurements were performed using a B-dot sensor at two different
magnetic field pulse durations (=3 ms and 8ms). A very similar
behavior of B; was also recorded using the CMR-B-scalar sensor (see

j=const.

15 - / \
I

o 40 —_—
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n=5
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n=20
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0 2 4 6
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FIG. 3. B (normalized to B;) dynamics with different power law values at a
fixed magnetic field pulse when j; is constant.
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FIG. 4. B (normalized to B) dynamics with different alpha values when j.-B
dependence is approximated by the exponential function jo(B) = joexp[—B/aBs].

Fig. 7), thus showing that the dimensions of the B-dot sensor are suf-
ficiently small. The experimental B; pulses were fitted with the simu-
lation curves obtained from Eq. (3), where the fitting parameters were
the j.(B) dependence and the n value. The other constant parameters
used for these calculations are given in Table I.

120 7

100 / \ -
80 / \ ~———— calculcation
NEVARN

H
/l

20

B,mT

FIG. 5. The B, dynamic measured using a B-dot sensor when the B, pulse
duration was ~8ms. The B, is marked with symbols, and the numerical fits
based on Eg. (3) are represented by the black dotted lines.
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FIG. 6. The B; dynamic measured using a B-dot sensor when the B, pulse
duration was ~3 ms. The B, is marked with symbols, and the numerical fits
based on Eq. (3) are represented by the black dotted lines.

As an additional validation of this lumped-parameter equation
approach, the experimentally measured B, and B; time derivatives
(Fig. 8) were compared with the simulations using a finite element
model and the lumped-parameter equation (3). In the case of the
B-dot, the magnetic field time derivative is the directly measured
quantity so that the comparison between the measurement and the

100 Without SC
80 f\ ——— Inside SC
60
[
€
o 40
20
0 .mcxlnjnﬂcnﬂomc‘me
0 2 4 6

t,ms

FIG. 7. The B; dynamics measured using the CMR-B-scalar sensor when the
B, pulse duration was ~3 ms. B, is marked with symbols.
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TABLE I. Values used to fit experimental data with the lumped-parameter model.

L ls R d Je(B)
2.62uH 33 mm 2.25mm 0.5mm Fig. 10

models is more accurate than using the integrated signal. Moreover,
as it can be seen from Fig. 8, the magnetic field derivative inside the
superconducting tube is more sensitive to the peculiarities of the B
dynamics and shows a sharp spike with a higher amplitude than an
unscreened external field at the moment when the magnetic field
penetrates into the superconductor. The plateau region before the
field starts to decrease is also better pronounced in the derivative of
the field. At around 1.8 ms, a region where the derivative is zero can
be seen, indicating that the sample remains superconducting, while it
is hard to tell from the integrated signal (Fig. 6).

The best fit of the experimental curves was obtained at
n = 20. This means that the flux creep is small in the sample and
that the sample exhibits Bean-like behavior. The results presented
in Figs. 5-7 show that the experimentally measured B; dynamics
are in good agreement with the calculations, which confirms the
validity of the application of the power law and the isothermal sim-
plification assumed in the case of the investigated superconducting
tube. The simulation results also agree well with the experimental
measurements when predicting the trapped flux. The measured
remaining flux density fluctuated from 2.9 mT to 3.7 mT, while the
simulations predicted 2.9 mT-3.3mT for the short pulses and
1.5mT-3 mT for the experimental and 2.6 mT-3.4mT in the sim-
ulations for the longer ones, confirming that the lumped-parameter
method is capable of predicting the persistent currents and in turn,
the trapped field in dynamic conditions.
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FIG. 8. The time derivatives of the applied magnetic flux density (B.) and the
density inside (B;) the superconducting tube. Experimental data, the finite
element, and lumped-parameter models are compared.
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FIG. 9. The B; decay after the applied magnetic field pulse. Comparison between
the CMR-B-scalar sensor measurement and the analytical expression (5).

The third phase of the B; dynamics, ie., the B; value decay
over time after the end of applied magnetic field pulse, was investi-
gated using the CMR-B-scalar sensor. Figure 9 shows the results of
this decay measurement using an applied magnetic field pulse of
19 mT amplitude and 3 ms duration. The dashed line illustrates the
decay behavior described by the equation (5). The analytical decay
is in a good agreement with the measurement results. The values
used for the curve are given in Table II. This confirms the validity
of the assumptions made in order to get the analytical formula (5)
for the B; decay process.

These measurements and simulations make it possible to eval-
uate the power law index 7 and j. vs B dependence. Figure 10 pre-
sents this dependence as triangles, which were obtained using two
applied magnetic field pulses with different pulse durations and
amplitudes (3 ms, 8 ms and 77.5 mT, 125 mT, respectively), when
the power law index n was equal to 20. As can be seen for both
pulses, the j. vs B dependence value and the shape are the same
and do not depend on the parameters of the magnetic pulse being
used. Thus, in our case, the magnetic pulse parameters (derivative
and amplitude) were not critical for the investigation of the proper-
ties of the thin-walled superconducting tube material. Figure 10
also shows a comparison of the results obtained from fitting the
experimental results with simulations using the lumped-parameter
equation and the datasheet of the tube manufacturer (diamonds).

TABLE II. Values used to draw the theoretical curve in Fig. 9.

B, n Je B
4.82mT 20 5.8 MA/m* 25mT/A
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FIG. 10. The j; vs B curves obtained from fitting the experimental data using
the lumped-parameter equation. The square shaped dots show the j.(B) values
presented in the datasheet of the superconducting tube manufacturer.

Our investigations showed very similar j. vs B dependence behavior
but about a 20% lower j. value, which can be explained as the dif-
ferent magnetic field orientation to the electrical current flowing in
the superconductor. This phenomenon was demonstrated in the
Bi-2223 tubular current leads when the magnetic field was applied
parallel and perpendicular to the tube axis.”’

V. CONCLUSION

Experimental and theoretical investigations of the pulsed mag-
netic field penetration dynamics conducted on a thin-walled tube
made from a type Bi-2223 superconductor have demonstrated that
the lumped-parameter approach is capable of describing the mag-
netic field dynamics and the trapped flux inside this tube. It is pos-
sible to evaluate the j. vs B dependence and the exponent 7 in
power law of the tube material from a single measurement. With
further development, this method could be used as a quick non-
destructive way to check the quality and to characterize such super-
conducting tubular samples.
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Abstract

CrossMark

The electric and magnetic properties of microbridges made from 440 nm thick Y-Ba—Cu-O
films prepared on Al,O3 substrates with CeO, sublayers by the pulsed injection metal organic
chemical vapor deposition (MOCVD) method were studied in temperatures ranging from 20 K
to 300 K in order to investigate the possibilities of using these microbridges as fast fault current
limiters. The application of an external magnetic field (Bex) causes the flux flow induced
magneto-resistive effect, which is proportional to Bk and to Bex'/? at low and high
temperatures, respectively. The experimentally obtained S-shaped /-V characteristic and the
change of the microbridge resistance over time when affected by a step-like magnetic field can
be well explained using a thermo-electrical model based on Joule heating and the flux flow
nature of the resistive state (RS). The transition from the superconducting to the RS, studied

using ns duration rectangular waveform electrical pulses able to create up to ~2106 A cm™=

2

current densities without rises of microbridge temperatures, demonstrated that the /-V
characteristics of the RSs consisting of an assembly of straight lines corresponding to the

different pinning centers. At temperatures close to the critical temperature of superconductivity,
the number of these lines increases, and the /-V characteristics can be described with high
accuracy by a power law. It was concluded that microbridges made from these films can be used
as protectors against complicated waveform electromagnetic pulses having short rise times, high
voltage peak amplitudes and long low-value over-current ‘tails’.

Keywords: superconductivity, thin films, EMP protector

(Some figures may appear in color only in the online journal)

1. Introduction

The search for means to mitigate electromagnetic pulses
(EMPs) began in 1962 when a high-altitude nuclear explo-
sion was initiated over the Johnston Island area of the Pacific
Ocean [1]. The proliferation of manmade nuclear [2-5] and

1361-6668/21/035007+10$33.00

non-nuclear EMP devices [6-8] as well as intelligent elec-
tronic devices (IEDs), which are increasingly more sensitive
to EMP effects has renewed the interest in the EMP threat and
in technologies which would protect against it. Moreover, the
protection of modern IEDs used in high-speed communication
technologies against EMP produced by natural sources such as

© 2021 IOP Publishing Ltd  Printed in the UK
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lightning [9] is still particularly important. Various measures
are used for the protection of these electronic devices such
as surge protectors [10, 11], modular attachment kits using
Faraday cages [12] or EMP shields [13]. ‘Front door’ protec-
tion is the most difficult, because this part of such communic-
ation systems is itself highly vulnerable to EMP attack.

To protect high frequency electronic circuits connected to
receiving antennas against wide frequency band EMPs, pro-
tectors must be sufficiently fast, powerful and able to oper-
ate in the case of bipolar signals. Moreover, they also need
to induce as low as possible an initial attenuation of the use-
ful signal and to be ready to operate after each EMP event. In
the case of a nuclear EMP or an EMP generated by lightning,
the fault overvoltage pulse induced in the receiving antenna’s
output consists of powerful high frequency components (hun-
dreds of megahertz to several gigahertz) [1, 14] and has relat-
ively long (up to tens of milliseconds) low frequency ‘tails’.
Thus, protectors against this type of EMP have to react in sub-
nanosecond times and to be able to withstand large energy
absorption shocks during these EMP ‘tail’ periods. To sat-
isfy both of these requirements in one and the same device
is thus not an easy task, primarily because such high-speed
electronic devices are usually of small dimensions [13], which
can cause high current densities and irreversible damage of the
protectors.

It has been demonstrated that thin, high-7'. superconduct-
ing films can be successfully used for the design of such high-
speed fault current limiters [ 15-20]. An important requirement
for these films is that their VI characteristics need to exhibit a
wide range of nonlinear dissipative states. It has been determ-
ined that in polycrystalline films, such states are induced by
the motion of homogeneous magnetic flux vortices across the
superconducting microstrips [21, 22] and can be controlled
by temperature [23-25], magnetic fields [26-28] or by light
irradiation [29-31].

Different material deposition technologies and substrates
have been used for the preparation of these films. The most
popular techniques are laser ablation and magnetron sputter-
ing. The main advantages of laser ablation are: good repeat-
ability of the chemical content, easy control of the layer
thicknesses and the possibility of in situ film annealing in an
oxygen atmosphere. Unfortunately, this method allows one
to prepare films having only relatively small areas and their
growth regimes are sensitive to the laser pulse parameters.
Moreover, it is difficult to avoid leaving small drops and solid
particles on the film surfaces [32]. Films prepared by magnet-
ron sputtering can have larger areas and more uniform proper-
ties, but the deposition rates are slow and most of the energy
acting on the target is transformed into heat energy, which
must be removed. Magnetron-sputtered layers, deposited in an
atmosphere of inert gas, are contaminated by the auxiliary gas
itself. Moreover, the roughness of the substrate and the incid-
ence angles of the atoms deposited on the cavity walls induce
porosity of the film [33].

Since the discovery of high-T. superconducting oxides,
the metal organic chemical vapor deposition (MOCVD) tech-
nique has also been used for the deposition of thin films. The
so-called pulsed injection MOCVD (PI-MOCVD) method

provides digital deposition control by means of a high-speed
injection of precursor microdroplets into an evaporator. This
was used for the preparation of polycrystalline and epitaxial
Y-Ba—Cu-O (YBCO) films [29, 34]. The main advantages of
PI-MOCVD are: high reproducibility, flexible control of the
growth rate, thicknesses and composition of the film [34]. This
method enables covering large substrate areas and does not
require a high vacuum.

SrTiO3 (STO; dielectric constant € = 300), LaAlO3 (LAO;
e = 23.7) and NdGaO3; (NGO; ¢ = 20) are the usual substrates
for YBCO deposition. These materials are very compatible
with thin cuprate films in terms of their lattice constants
and thermal expansion coefficients. However, for high-speed
microelectronic technologies, substrates with dielectric con-
stants of about 10 are preferable. Among these, Al,O3, whose
€ ranges between 9.164 and 9.424, appears to be quite attract-
ive. In this case, its low dielectric constant is accompanied
with high thermal conductivity (=20 W m~! K~! around
liquid nitrogen temperature) [35]. This is very important for
the design of superconducting high-speed protectors against
EMPs with complicated waveforms that consist of fast rise
times and long decay ‘tails’. However, in order to grow this
superconducting film, a special sublayer between this film and
the substrate is necessary due to a large lattice mismatch [35].

In this paper, we present an investigation of the resistive
states (RSs) of thin YBCO films prepared by the Pi-MOCVD
technique on Al,O3 substrates with CeO, sublayers, when
they are influenced by DC currents, magnetic fields and short
high power electrical pulses. It has been demonstrated that
these films can be used as protectors while operating simul-
taneously against low DC over-currents and fast high voltage
electrical transients.

2. Sample preparation

The PI-MOCVD method was used for the preparation of
both the CeO, sublayers and the YBaCuO films. The lay-
ers were deposited on a single crystal Al,Os substrate. The
deposition of the CeO, sublayer and the YBaCuO film was
made in situ at 750 °C substrate temperature. The CeO, sub-
layer thickness (k) was 140 nm or 480 nm. For the prepara-
tion of the YBaCuO film, the metal organic precursors with
Y:Ba:Cu = 1:1.6:1.6 and 1:2.0:1.6 content were used. After
the deposition of the YBaCuO film, whose thickness (d) was
440 nm, it was annealed in an O, atmosphere for 30 min.
The annealing temperature was the same as for the depos-
ition (750 °C). The analysis of the YBaCuO film performed
using the reflection high-energy electron diffraction (RHEED)
method showed spot-like intensive diffraction patterns (see
figure 1(a)), indicating that the films were of perfect struc-
ture and high surface roughness. An investigation of the film
surfaces by an atomic force microscope (AFM) also demon-
strated that the films consisted of microcrystallites oriented in
mosaic-like morphologies, which were different for different
thicknesses of the CeO, sublayers (see figures 1(b) and (c)).
After deposition, the samples were shaped by conventional
photolithography as 3 mm length (/) and 60 gm or 100 pm
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Figure 1. (a) A RHEED pattern obtained from a 440 nm thick YBCO film. It was prepared using 1:1.6:1.6 precursors on a 650 nm
thickness CeO, sublayer. (b), (c) Show surface images obtained by AFM on YBCO film, when the height (%) of the CeO, sublayer was

480 nm and 140 nm for samples Sla and S4a, correspondingly.

Figure 2. Top view of the YBCO strip-like microbridges used for
the investigation of their electrical properties.

width (w) strip-like microbridges with contact sites at their
ends (see figure 2). The contact sites (1 x 1 mm?) were covered
with a 2 pm thickness silver film deposited using thermal
vacuum evaporation. After that, the samples were annealed
for 20 min in an oxygen atmosphere at 420 °C—450 °C
temperature.

3. Measurement technique

For the characterization of electric and magnetic properties
of the YBaCuO films, the experimental setup presented in
figure 3 was used. This setup consisted of two parts: one for the
measurement of their /-V characteristics using DC current and
a magnetic field and other that used high voltage nanosecond

duration electrical pulses. In both these measurement regimes,
the sample was mounted inside a closed cycle He cryocooler
‘Janis’ in order to perform the investigations at different tem-
peratures, which could be varied from 4.2 K to 300 K.

The resistance (R) vs temperature (7') dependences in the
DC case were investigated using a two-terminal method when
the applied current was 0.1 mA in a temperature range from
40 K to 150 K. The voltage drops and current through the
samples were recorded by means of a multimeter. The -V
characteristics were measured using a slow ramp signal gener-
ated using a digitally controlled power supply. For the invest-
igation of magnetic field influence on the electrical conduct-
ivity of the films, the microbridges were placed inside an
external magnetic field (B.x), which was directed perpendicu-
lar to the microbridge plane and was changed from zero up to
0.7 T (see experimental setup in figure 3). During these meas-
urements, the electrical current flowing through the samples
was kept constant and was equal to 0.75 mA.

Strong pulsed electric field measurements were performed
using rectangular shape pulses with durations of about 10 ns,
0.5 ns rise times and amplitudes up to 1 kV. These pulses were
generated in a 50 Ohm coaxial transmission line by means of
an electromechanical Hg relay. For I-V characteristic meas-
urement, the samples were mounted in a special wide band
(~10 GHz) coplanar holder and connected in series with the
transmission line. Measurements were performed in a temper-
ature range from 20 K to 80 K.

In order to measure the sample resistance, the amplitudes of
incident Uy, and transmitted Uy, pulses were measured using a
signal splitter with a 1:80 ratio and two separate channels of a
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Figure 3. Schematic diagram of the setup used for the investigation of the YBCO strip-like microbridge /-V characteristics at different
temperatures, low DC current, presence of a magnetic field and high voltage nanosecond duration pulses.

high-speed Tektronix DPO 70604 oscilloscope. The voltage
drops (Us) and current ([;) in the samples were calculated
using following formulas: Us =2 (Ui, — Uy) and Iy = Uy, /Z.
Here Z was the impedance of coaxial transmission waveguide
and was equal to 50 ).

4. Electrical conductivity at DC electric current

4.1. Zero external magnetic field (bias current 0.1 mA)

The typical resistance (R) vs temperature (7) dependences
measured for the investigated YBCO microbridges are presen-
ted in figure 4. The main parameters of the samples used for
this investigation are shown in table 1. As it can be seen from
figure 4, the R = f(T') dependences exhibit three regions: the
metallic normal state (NS) obtained at temperatures higher
than T¢j, the transient state (TS), which covers temperature
range from T¢; to Tcy and the superconducting state (SS)
appearing below T¢,. The T¢; was determined as a temperat-
ure at which the linear decrease of the sample resistance with
temperature in NS transforms to the abrupt decrease of this
resistance down to the zero resistance SS state. The T, corres-
ponded to the highest temperature where the sample resistance
in the frame of measurement accuracy is zero.

According to the results shown in figure 4, the resist-
ance and the corresponding resistivity of the films in NS
was higher for films deposited on the larger thickness of the
CeO, sublayers and prepared using 1:2.0:1.6 precursors con-
tent (samples S3a and S4a). The increase of Ba in the pre-
cursors content from 1:1.6:1.6 to 1:2.0:1.6 led to a decrease
of NS resistivity by about two times, but it did not radically
influence the T¢; and T¢; values. Meanwhile, films prepared
on lesser (140 nm) thickness CeO, sublayers demonstrated

1,00 |
0,75
9 70
o 0,50
[——S1a
——S1b
0,25 F——s2a
S3a
|— S4a
0,00 v
50 60

Figure 4. Electrical resistance (R) dependence on temperature (7')
for various microbridges (parameters are presented in table 1)
prepared on Al,O3 substrates with CeO» sublayers. The insert
shows the dependence of the resistivity (p) on temperature (7') for
the microbridges with different widths (Sla; w°=°100 pm, S1b;
w°®=°60 pum (pink)).

a significant increase of T¢; and Tc,. As it is can be seen
from figure 4 and table 1, the temperature range of the TS
state A (TS) = Tc — T, is smaller for samples with lower
NS resistance. It was obtained that in the case of S1 type films
microbridges having 60 pm width exhibit higher resistivity
in comparison to that of 100 gm wide microbridges. As this
parameter is important for fault current limiter’s attenuation
value, it was decided to perform further investigations only
on microbridges with a width equal to 100 pm. The insert
in figure 4 shows how the resistivity (p) of the film depends
on T for two superconducting samples having different
widths when the thickness of the CeO, sublayer i was
constant.
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Table 1. Sample parameters for YBCO films with CeO, sublayer.

Sample name Y:Ba:Cu d (YBCO), nm

h (CeO,), nm

w, pum Tci-Tea, K A(TS), K

Sla
S1b
S2a
S3a
S4a

1:1.6:1.6
1:1.6:1.6
1:1.6:1.6
1:2.0:1.6
1:1.6:1.6

440
440
440-480
440
440

650-700 100
650-700 60
650 100
650 100
140 100

89.8—72
89.7—-69.5
88.3—72.1
84.2—-73.3
90—-83.8

17.8
20.2
16.2
10.9

6.2

4.2. DC external magnetic field (bias current 0.75 mA)

Figures 5(a) and (b) show the magneto-resistive effect of
YBCO film manifesting as a change of microbridge resistance
AR (Bex) = R(Bex) — R(0) (here R(B) and R(0) are the res-
istance of the microbridge at fixed and zero magnetic field,
respectively) at external magnetic field (B,,). The AR vs Be
dependences for the superconducting microbridge Sla were
measured at two different temperatures ranges: (I) 7' < T, and
(IT) Tep < T < Tcy. It was obtained (see figure 5(a)) that the
AR vs B dependences of the temperature range I are well
expressed in the low resistivity region (close to zero in the
frame of measurement method sensitivity (0.05 2)), which
does not depend on the magnetic field values up to the crit-
ical magnetic field B.. An increase of the temperature (7') led
to a decrease of the B, value as B, ~ B [1 - (T/TC)Z] (see
figure 5(c)). Here By is a constant and 7 is the critical super-
conductor temperature. It is a fitting constant describing the
thermal of B, and should not be confused with T¢; or T¢;. At
magnetic fields higher than B, the superconducting film was
transformed into the RS, which starts as a linear AR depend-
ence on B and transforms at higher B to nonlinear beha-
vior. The increase of T produced a more abrupt AR vs Bex
dependence and larger range of AR in the linear part of AR
Vs Bex curve. At T~ Tc,, the AR as a function of By is linear
in the whole B range. In the temperature range II, a further
increase of temperature showed a decrease of the magneto-
resistive effect (see figure 5(b)) and a change of the linear AR
vs Bex dependence to AR Bexl/ 2 behavior.

4.3. High current (up to 200 mA) regime

Figure 6 shows the voltage (V') vs current (/) characteristics of
a microbridge Sla measured at different temperatures. These
characteristics were measured in a stabilized voltage source
regime in two cases: at zero external magnetic field and when
Bex was 0.7 T. As it can be seen from figure 6, they were S-
shaped, having a branch with negative differential resistance.
The critical current (I;) at which the negative differential res-
istance appeared decreased with an increase of temperature 7
and the B value.

4.4. Kinetics of the microbridge resistance (triggered by
aB..=0.75T field)

When a superconducting bridge, kept at a constant current 7,
that is less than I ;, was affected by an external magnetic field
(Bex), an instability was manifested as a resistance increase

2.0

15

0.4 T T T
0.3Fc) E
'_5 02} ]

0.0} J
0.10 0.15 0.20
1-(T/T,)?

Figure 5. (a), (b) Resistance change (AR) dependence on the
external magnetic field (Bex) at different temperatures of a
microbridge Sla. (c) Shows the critical magnetic field (B.)
dependence on temperature in a 1 — (7/ T.)? scale.

over time. This phenomenon is demonstrated in figure 7, which
shows the time evolution of R when microbridge Sla was
exposed to 0.75 T DC external magnetic field for 4.45 s. Below
I, = 4 mA, the increase of the R caused by the external mag-
netic field did not induce any R changes over time; however for
higher I, values, the By induced a time dependent growth of
R, which started at the beginning of the By application. This
growth tends to saturate when I, < I;. However, at I, = I
(=12 mA), after a relatively slow R increase at the beginning
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Figure 6. The /-V characteristics of a microbridge Sla at different
substrate temperatures. The circles correspond to measurements
performed at zero magnetic field, the squares at Bex = 0.7 T. Solid
lines are simulations obtained using isothermal /-V curves
measured by nanosecond duration pulses.
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Figure 7. Time evolution of the superconducting YBCO
microbridge Sla resistance when it was triggered by 0.75 T DC
external magnetic field. Dashed lines are simulation results using
I-V curves obtained with nanosecond electrical pulses.

of the magnetic field influence, the dynamics of the R time
evolution drastically changes, demonstrating a fast growth of
R over time.

5. RS induced by high voltage nanosecond
duration electrical pulses

5.1. The dynamics of the microbridge resistance

Figure 8 demonstrates the typical waveforms of the incid-
ent and transmitted electrical pulses at low (figure 8(a)) and
high (figure 8(b)) current regimes when the microbridge is
cooled down to 60 K temperature. At / < I, there is no dif-
ference in the waveform of these pulses; however, the amp-
litude of the transmitted pulse is slightly lower than the incid-
ent pulse amplitude. It corresponds to an attenuation of about
0.2 dB being introduced by the superconducting microbridge
in a 50  impedance transmission line. This is the result of
contact pad resistance and the small impedance change at the

12F - r T . . .
a)

0.6l L=0.2dB |

LAY

0.0

80 1

10 15 20 25
tns

o
(5]

Figure 8. Waveforms of the incident and the transmitted pulse
when microbridge S2a, cooled down to 60 K, was connected in
series to a 50 Ohm impedance transmission line: (a) low current
I < I regime and (b) high current 7 > I, regime.

interconnection between coaxial cable and strip-like sample
holder. When 1> I, the difference between amplitudes of
the incident and transmitted pulses strongly increases and a
large attenuation (12 dB) is induced in the transmission line.
Moreover, the waveform of the transmitted pulse demonstrates
a slow voltage decrease over time.

In this case, the I-V characteristics are different when
measured at different time instants from the beginning of
the current pulse (see figure 9). It shows that thermal effects
(Joule heating) play a significant role when the current
density through the 100 pm width microbridge exceeds
~4.510° A cm~2 (I ~ 200 mA). Consequently, for the invest-
igation of the /-V characteristics in which the influence of
Joule heating is negligible, measurements performed shortly
after (=1 ns) the start of the pulse are preferable.

Figure 10(a) shows the I-V characteristics measured for the
Sla sample at different temperatures when the incident elec-
trical pulse rise time is ~1 ns. These characteristics were typ-
ical for all investigated samples and, as it can be seen from
figure 10(a), consisted of an assembly of straight line segments
whose number and angle to the current axis increased with
an increase of the microbridge temperature. Such shapes of
the I-V characteristics were obtained earlier in [21] for poly-
crystalline YBCO films prepared on NGO substrates and were
explained by the motion of the vortices associated with various
pinning centers having different pinning strengths, which were
uniformly distributed in the superconducting film. The number
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Figure 9. The I~V characteristics of microbridge S2a measured at
different time instances.

of centers that can be depinned increases when the temperature
of the film approaches 7. For this reason, at temperatures near
T., the total I-V characteristic becomes highly nonlinear and
can be described with high enough accuracy by the power law
V ~ I". This can be seen from the logarithmic plot of the /-V
characteristics presented in figure 10(b). Moreover, this plot
shows that the /-V characteristic consists of two straight lines:
one, which manifests itself at the beginning of the V-I curves
and does not depend on the temperature and corresponds to
the Ohm’s law (n ~ 1), the other corresponding to the power-
law of type II superconductors. The Ohm’s law part of the
I-V characteristic shows initial attenuation (about 0.3-0.7 dB),
which, as it was mentioned earlier, has to be associated with
the microbridge’s electrical contact areas and transmission line
cable interconnections.

The analysis using this plot (see inclusion in figure 10(b))
showed that an increase of temperature (7') linearly decreases
the power-law index n as:

n=ny—axT [€))

Here « and ng are constants. Meanwhile, the critical current
(I.) depends nonlinearly on temperature as:

T 4
L= o {1 ~ (Tﬂ @

The I in formula (2) is a function of magnetic field induc-
tion (B).

The results presented in figures 8—10 show that YBCO films
prepared on Al,O3 substrate with CeO, sublayer can be used
as protectors against subnanosecond rise time electrical tran-
sients. Figure 11 demonstrates how microstrips prepared from
different films are able to induce attenuation in a 50 Ohm trans-
mission line when pulsed overcurrent is produced during sub-
nanosecond time.

For comparison of the attenuation properties, microstrips
Sla, S2a, and S4a were cooled down to 70 K. The attenuation
using microstrip S3a is presented for two temperatures 70 K

and 80 K. According to figure 11, larger attenuation was real-
ized using microstrips, whose films exhibit a wider TS tem-
perature range.

6. Discussion

This investigation demonstrated that thin submicron thick
YBCO films prepared on Al,O3 substrates with CeO, sub-
layers exhibit superconducting properties below temperatures
ranging from 72 K to 84 K for different content of metal
organic precursors and CeO, thicknesses. The significantly
wider temperature range of TS for films prepared on thicker
(440 nm) CeO, sublayers in comparison to the films deposited
on thinner (160 nm) CeO, layers show that these films con-
tained large numbers of structural imperfections having dif-
ferent superconducting properties. In case of the 160 nm thick
CeO; layer, better matching of the lattice constants between
the YBCO films and this layer is thus achieved, which makes
it possible to prepare more perfect films having higher critical
temperatures and lower TS temperature ranges. Moreover, an
insert in figure 4 shows that films have macroscopic inhomo-
geneity of the properties resulting in wider TS temperature
range for lower w microbridges. Also, it has to be stated that
the less perfect films are preferable for certain applications
as they can provide larger protection of the electrical circuits
due to their wider resistive /-V characteristic state and thus be
triggered more easily by an external magnetic field.

The application of an external DC magnetic field (Bex)
induces the RS, whose appearance can be well explained in
terms of magnetic flux flow. When By, is applied at temper-
atures below T, the critical magnetic field (B;) obtained
from the AR vs B dependences, fit the classic rule B, ~

Beo [1 —(T/ Tc)z]. According to the data presented in the

insert of figure 5 for sample Sla, the Tc ~ Ty, = 72 K.
At T < Tca, if Bex was higher when B, the linear increase
of resistivity with Bex would demonstrate the validity of the
Bardeen-Stephen model typical for flux flow in dirty super-
conductors [36]. The nonlinear behavior of AR vs By at higher
B.x was also obtained in [37] and explained by the interaction
between some vortices, which start to move at the banks of
the grain boundary and contribute to higher voltage along the
sample. In our case, such boundaries could be related to the
structural imperfections of wide TS range films.

In case when Ty < T < T¢, some part of the microstrip is
in a NS and the contribution of the magneto-resistive effect to
the total resistance of the microstrip decreases. This is a res-
ult of essentially different behavior of the magneto-resistive
effect, i.e. a decrease of the AR value with the increase of
microstrip temperature 7. Moreover, because the other super-
conducting regions of the microstrip are close to the crit-
ical temperature of the superconducting to NS transition, the
external magnetic field is sufficiently strong and nears the crit-
ical field Hcy of type II superconductors. In this case as it
was shown in [38], the reduction of the number of the quasi-
particles participating in the energy dissipation in the d-wave
vortex state produces the flux flow resistivity ~B., "> behavior.
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Figure 10. (a) I~V characteristics of S1a sample measured at the end of a square waveform electrical pulse rise time (=1 ns). (b) The

logarithmic plot of these I-V characteristics.
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Figure 11. Attenuation of 50 Ohm transmission line (L) vs incident
pulse voltage (U;) for different microstrips prepared using films
listed in table 1.

The electrical characteristics of the strip-like microbridges
measured using DC bias exhibited strongly non-linear behavi-
ors. We assume that the negative differential resistance region
in the V-1 curve (figure 6) as well as the resistance instability
(figure 7) is the product of the current-induced flux flow RS
and the thermal heating of the film, which is uniform along
the whole microbridge length. Such model was successfully
used to explain /-V characteristics of similar microbridges
with widths ranging from 10 to 100 xm made from 0.15 ym
thick epitaxial YBa,Cu30O7_s films grown on SrTiO3 substrates
[39, 40]. We also reject the ‘hot spot” phenomenon during the
thermo-electrical instability in our modeling, because, as it
was shown in [41], there was no additional voltage jump in
the V-I characteristics at the investigated temperature range.

For the numerical simulations of the microbridge beha-
vior, we used the isothermal power-law relationship for type
II superconductors obtained using nanosecond duration pulses
(as suggested in [40]) with the experimental critical current /;

and the power-law index n dependences on temperature (see

figure 10(b)):
1/n(T)
I=1.(T) % (1>

7 3)

here V. is the critical voltage (E./ = 0.3 V) and . is the cur-
rent at which V. is reached. The resistance (R;) of the micro-
bridge obtained from Ohm’s law is the following:
R(T) = Ve x D=1 s 7@ )
In order to simulate the VI characteristic and the time evol-
ution of the microbridge resistance, we calculated the tem-
perature change of the microbridge when it was affected by
the electrical current. This was done by using a heat balance
equation where the increase in heat (dQ/dr) is equal to the dif-
ference between the Joule heating (V) and Newtonian cool-
ing (kAT), assuming that the specific heat (C) of the YBCO
material linearly increased with the temperature as:
C(T) =T +Cy ®)]
where v and Cj are empirical constants. Taking formulas (1)
and (2) into consideration and expressing V from equation (3),
we obtained the following equation for the calculation of the
temperature (7) vs time (f) dependence:

dr (¢ Vc[n(T)+1 r
Dd,r# (T(1) + Co) =~ L(T) "D —k(T(1) - T)

(6)

Iw

here d; is the microbridge thickness, D is the density of the
YBCO material, k and T are the heat conductance and tem-
perature of the substrate, correspondingly.

For simulation of the resistance dynamics when the
microbridge was triggered by a pulsed magnetic field, the
equation (6) was solved numerically. The solid line curves in
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figure 7 show the modeling of the dynamic resistance response
to the magnetic field pulse. At low currents (/ < 4 mA),
the value of the steady state resistance did not change with
the applied magnetic field. At such times, the influence of
the Joule heating induced temperature increase is negligible.
However, at higher currents ranging approximately from 4 mA
to 11.5 mA, the value of the steady state resistance reached
after several seconds is the result of both the magnetic field
and the increase of the microbridge temperature.

The essential change of resistance (R) vs time (f) dynamic
behavior observed when under the influence of a 12 mA cur-
rent can also be explained on the basis of the electro-thermal
instability model. The solid line curve in figure 7 shows the
simulation results using equations (4)—(6), demonstrating that
the resistance grows relatively slowly at the beginning of mag-
netic field pulse and transforms into a rapid, avalanche-like
increase of the resistance due to the heating of the tape. It has
to be noted that both ‘saturating’ and ‘unstable’ types of R vs ¢
dependences shown in figure 7 demonstrate qualitative agree-
ment with microbridge temperature vs time dependences pre-
dicted in [40], which additionally confirms the electrothermal
origin of the instability.

The [-V curves measured using DC were calcu-
lated by substituting the empirical I.(T) and n(T) laws
(equations (1) and (2)) into the power law equation (3). In the
DC case, each point in the /-V dependence is stable because
the YBCO microbridge is in thermal equilibrium. For this
reason, the d7/dr term in equation (6) is zero. This makes it
possible to obtain a steady state temperature of the film (7%),
which depends on the power (P = I x V) dissipated in the
film as Ty = IV/ (wlk) 4 Ts. The final equation for the current
voltage relationship was obtained using (3) and replacing T
in (1) and (2) by T¥. This equation was solved numerically
in respect to / for V values that ranged from O to 2 V, while
looking for the smallest positive root. Experimental coeffi-
cient values were used for these calculations. The results are
presented in figure 6 (black lines) and show good agreement
with the measurements. This demonstrates that the /-V curve
peculiarities in the DC mode can be well explained by Joules
heating due to the induced flux flow resistance.

7. Conclusions

The properties of thin YBCO films prepared on Al,O3 sub-
strates with CeO, layers by the PI-MOCVD method strongly
depend on the content of the MOCVD precursors and the
thicknesses of the CeO, sublayers. These factors influence the
film’s morphology, resistivity in their NS, the critical temper-
ature of superconductivity and the temperature range of the
transition from normal to the SS.

The exposure of a YBCO film cooled down to a SS to an
external DC magnetic field slightly higher than the critical one
causes the linear magneto-resistive effect, which is in accord-
ance with the Bardeen—Stephen model typical for flux flow in
dirty superconductors. If the film is in the temperature range of
superconducting to NS transition, this corresponds to the con-
dition where the external magnetic field is close to upper crit-
ical field of type II superconductors and the resistance change

due to the magnetic field is proportional to the square root of
this field. That is typical for d-wave vortices appearing due to
the reduction of the number of the quasiparticles participating
in the energy dissipation.

The current—voltage (/-V) characteristics of microbridges
made from these films obtained using DC electrical cur-
rent have demonstrated S-shaped behaviors, which can be
triggered by an external magnetic field and be well explained
by the thermo-electrical instability appearing as a result of
the uniform Joule heating of the flux flow-induced RS of the
superconducting film. Meanwhile, the resistive part of the /-V
characteristics measured using high voltage nanosecond dura-
tion electrical pulses consists of several straight lines and is a
result of the heating free flux flow. This RS is wider for films
with large temperature ranges of superconducting to NS trans-
ition. These films are preferable for the design of fault current
limiters as they exhibit low voltage thresholds and higher pos-
sibilities of transmission line attenuation.

The low dielectric constant and the high thermal conduct-
ivity of Al,O3 films with submicron thick CeO, layers make it
possible to design multiuse superconducting protectors based
on YBCO microbridges, which are able to protect high fre-
quency ‘front door’ transmission lines against ultra-fast high
voltage transients and low DC currents faults.
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Abstract: In this paper, we investigated the behavior of a type II superconducting armature when
accelerated by a pulsed magnetic field generated by a single-stage pancake coil. While conducting
this investigation, we performed a numerical finite element simulation and an experimental study
of the magnetic field dynamics at the edge of the pancake coil when the payload was a supercon-
ducting disc made from YBaxCusO7-, cooled down to 77 K. The magnetic field measurements were
performed using a CMR-B-scalar sensor, which was able to measure the absolute magnitude of the
magnetic field and was specifically manufactured in order to increase the sensor’s sensitivity up to
500 mT. It was obtained that type II superconducting armatures can outperform normal metals
when the launch conditions are tailored to their electromagnetic properties.

Keywords: electromagnetic launch; type II superconductors; CMR-B-scalar sensor; magnetic field
dynamics

1. Introduction

Electromagnetic (EM) launch is a technology which produced a significant science-
to-technology breakthrough in the field of solid body acceleration up to space velocities.
The list of its possible applications includes space launch [1-3], transportation [4,5], ma-
terial research [6-8] and even defense technologies [9-11]. A coil accelerator or coilgun,
also known as a Gauss gun, is a type of electromagnetic (EM) launcher that accelerates
ferromagnetic (reluctance coilgun) or conductive (induction coilgun) armatures to high
velocities by employing magnetic fields. The lack of any physical contact between the
barrel and the launch package as well as the absence of a propellant eliminates friction
and reduces the mass of the launch package, while in turn reducing the amount of energy
needed to reach the desired velocities. On the other hand, a complex modular power de-
livery system with high requirements for switches, real-time projectile tracking and con-
trol is required [9,12]. Joule heating, armature flux capture and structural integrity are the
factors which limit the performance of metal armatures [13,14].

Type Il superconductors are intriguing materials which behave very differently from
normal conductors. These superconductors below their transition temperature T, exhibit
a near-zero resistivity when the currents through them are below a certain value called a
critical current. The resistivity that emerges when the current approaches this critical
value is not caused by electron scattering but rather by the motion of quantized magnetic
field lines accelerated by the Lorentz force acting on them. Above the critical current, the
resistivity of the superconductor increases rapidly, and the superconductor goes back into
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its normal (resistive) state. This nonlinear behavior makes the electric and magnetic prop-
erties of these materials attractive for various applications [15-17], one of which is electro-
magnetic launching. The use of these materials as armatures for electromagnetic launchers
can reduce some of the limitations imposed on normal conductors as well as cause some
new unforeseen behavior.

At present, only a relatively small number of investigations of the electromagnetic
launch of such superconducting armatures have been performed compared to those
which investigated the launch of armatures made from normal metals. Calculations per-
formed in [18] demonstrated that a pre-magnetized superconducting armature (using
field-cooled magnetization (FCM)) can be accelerated more effectively by a pulsed mag-
netic field than an armature made from conventional metals. However, this method of
acceleration is more complicated when compared to a non-magnetized (NM) supercon-
ducting armature, as it adds a preparation stage that requires energy. Another drawback
when using a magnetized armature is that it can be necessary to move the armature to the
optimal trigger position after the pre-magnetization process [18]. A simple NM armature
acceleration method is thus preferable for space applications, such as active removal of
space debris by a coilgun mechanism [19]. Unfortunately, up to now, incisive investiga-
tions of the electromagnetic launch of NM superconducting armatures have not been con-
ducted.

In the past decade, due to developments in software and computing power, the mod-
elling of the electrodynamic behavior of type II superconductors has become less restric-
tive, and good agreements between experiments and simulations have been achieved
when investigating superconductor magnetization [20,21] and magnetic levitation [22—
24]. Various eddy current problem formulations have been proposed, suited to handle
different superconductor application scenarios or to improve computation times [25-29].

Experimental investigation of the magnetic field behavior when an armature is accel-
erated by a pulsed magnetic field is still problematic, regardless of the material used. In
these setups, the magnetic field is highly inhomogeneous, and its magnitude changes rap-
idly as does its direction due to the movement of the armature. Thus, for high accuracy
measurements, it is necessary to use an especially small, sensitive and fast sensor. These
requirements are well met by the CMR-B-scalar sensor [30], which is able to measure the
magnitude of the magnetic field independent of its orientation and has been successfully
used in investigations of the EM acceleration of a metallic ring [31], cylindrical metallic
armatures [32], as well as in studies of magnetic pulse welding of metals [33].

In this paper, we are presenting the results of both experimental and theoretical in-
vestigations of the electromagnetic acceleration of an NM armature made from a type IT
superconductor. For these studies, we used a disc-shaped superconducting armature
made from bulk YBa2CusO7- (YBCO) material, which was launched vertically by a mag-
netic field generated by a pancake coil. The investigation of the magnetic field dynamics
was carried out by numerical finite element modelling (FEM) in combination with the
experimental measurements obtained using a unique CMR-B-scalar sensor that was spe-
cifically adapted to the experimental conditions. The obtained results are compared with
armatures made from high conductivity metals, such as copper and aluminum.

2. Experimental Setup

The electromagnetic acceleration of the superconducting armature was performed in
a vertical arrangement. This allowed for easy cooling and did not require any mechanical
guides for the armature. Moreover, by measuring the highest altitude reached by the ar-
mature and its time of flight, it was possible to easily evaluate the mechanical energy ap-
plied to the armature by the electromagnetic acceleration. The schematic diagram of the
experimental setup used for these investigations is presented in Figure 1a. The magnetic
field source used was a 13-turn pancake coil, made from an enameled copper wire (2 x 4
mm). The coil had an inner diameter of 1 cm, an outer diameter of 6.2 cm and was glued
to a textolite housing, which was hollowed out to accommodate the pancake (the housing
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is not shown in Figure 1a). The distance from the top of the pancake coil to the top of the
housing was 2 mm. The isolation gap between coil windings was about 0.1 mm. The con-
tainer for the liquid nitrogen, which served as a cryostat, was made from polystyrene and
was mounted on top of the housing. The base of the cryostat on which the YBCO sample
rested had a thickness of 5 mm; thus, the total distance between the surface of pancake
coil and the superconducting armature was lca =7 mm. The cryostat was closed with a lid,
leaving an 8.5 cm distance for the projectile to travel vertically inside it.

IR photodiode
IR

LED

N w B o
D,cm

0 50 100 150 200 250
t, ms

Triggeri ___TTTTH
) 29 i 425mQ 23mH
Aluminium : :
foil reflector
Pulse forming
inductance

5.2 mF

Pancake coil

Figure 1. Experimental setup: schematic diagram and geometry of the coilgun (a), normalized current pulse produced by
the pulse forming unit (black curve) and typical displacement measurements (b). An electrical diagram of the pulse form-

ing unit is presented in (c).

For the superconductor launch experiments, a commercially available bulk single do-
main seed melt grown YBCO sample with a critical temperature of ~90 K [34] was used.
The sample had a disc geometry with a diameter of do = 50 mm, a height of /b = 15 mm
and a mass (m) of 171 g. The disc was cooled down by slowly dripping liquid nitrogen
onto it until the nitrogen began to wet the YBCO surface, after which the nitrogen was
poured onto it until it was submerged. The experiments were performed once the nitrogen
boiled off and was no longer visible at the bottom of the container in order to avoid any
drag caused by the residual nitrogen.

Power to the pancake coil was delivered from a pulse forming unit (PFU). A sche-
matic electrical circuit of the PFU is presented in Figure 1c. The PFU generated a single,
tooth-shaped current pulse with a ~16 ms rise time and a ~150 ms decay (“tail”) (see black
curve in Figure 1b). The PFU capacitor bank was rated for 5 kV charging voltage and was
able to produce about a 2.5 T amplitude magnetic field pulse at the center of the pancake
coil. The PFU was equipped with a large (23 mH) pulse forming inductance (compared
with the 4.53 uH of the pancake coil) in order to reduce the superconductor’s influence on
the total inductance of the circuit. This allowed the use of a standard pulse shape, regard-
less of the amplitude of the pulse or the presence of the superconducting armature. To
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minimize the influence of the mechanical stress on the superconductor created by the tran-
sient magnetic field, the amplitude of the magnetic field pulse used for the EM accelera-
tion was no more than 0.35 T. This magnetic pulse amplitude was able to launch the su-
perconductor to the upper limits of our measuring range.

The CMR-B-scalar sensor used for the pulsed magnetic field measurements was
made from a 0.4 um thick La-Sr-Mn-O (LSMO) film grown onto a polycrystalline Al2Os
substrate by the pulsed injection metal-organic chemical vapor deposition technique [35].
For the relatively low magnetic field values (up to 0.3 T) used in our experiments, it was
necessary to have an extremely sensitive sensor. This was achieved by using the special
chemical content of the film, i.e., Lao.s25r0.1sMn1.1503 with Mn excess. According to [36], the
magnetoresistance of films with this content at room temperature is about 30% higher
compared to films with stoichiometric Mn content. Another specific feature of our exper-
iment was the highly inhomogeneous distribution of the magnetic field in the space be-
tween pancake coil and the superconducting armature where the sensor was placed. In
such case, the accurate measurement of the local magnetic field requires a sensor with an
extremely small active volume. For this reason, we used a CMR-B-scalar sensor with the
following dimensions: 400 um width, a 50 um gap between electrodes and a 0.4 um thick-
ness. The effective volume of such sensor, estimated by using its highest dimension as its
diameter, was =102 mma3.

Manganites (LSMO) below the temperature of the transition from the paramagnetic
to the ferromagnetic states (Tm) exhibit remnant magnetization [37]. Therefore, special
procedures of calibration were required to avoid memory effects when the sensor was
used at cryogenic temperatures [38]. This complicated the use of the CMR-B-scalar sensor
in the vicinity of a superconductor cooled down to a liquid nitrogen temperature. To cir-
cumvent this, the CMR-B-scalar sensor was placed on the central axis of the pancake coil
outside the cold zone, so that only the sensor’s encapsulation touched the base of the cry-
ostat. Thus, the active volume of the sensor was at a 7.5 mm distance from the bottom of
the superconducting disc-shaped armature. As the temperature of the CMR-B-scalar sen-
sor did not get much lower than room temperature, the sensor demonstrated no memory
effects.

It should be noted that the magnetoresistance effect in such thin manganite films has
a very low anisotropy (less than 2%) to the direction of the magnetic field when the value
of this field is higher than 1T [39]. However, for lower fields, this anisotropy increases
with the decreasing magnitude of the field, and in our case was about +10%. In order to
decrease the measurement error due to this anisotropy, we placed the sensor so that the
thin film plane was perpendicular to the symmetry axis of the pancake coil. We estimated
that a ten degree change in the field direction produces about a 0.3% measurement devi-
ation from the real value.

For measurements of the vertical displacement of the superconducting armature, an
analogue IR distance sensor was placed in the middle of the cryostat lid. This sensor meas-
ured the intensity of the reflected infrared light, which is a distance-dependent quantity.
The bore of the cryostat was covered with an IR absorbing coating to reduce the back-
ground signal of the distance sensor. A reflector made from thin aluminum foil was
mounted on the top surface of the YBCO disc to increase the reflectance and in turn, the
signal at greater distances.

Our experiments began with the cooling procedure described above. Once the liquid
nitrogen had mostly boiled off, the capacitor bank was charged to the desired voltage.
After the liquid nitrogen was no longer visible at the bottom of the cryostat, the cryostat
was carefully closed with the lid. The estimated disk temperature based on a measure-
ment made using a resistive thermometer Pt-1000 placed at the bottom of the disk was
~76.6 K. Then, the capacitor bank was discharged through the pulse-forming inductance
connected in series with the pancake coil. Typical disc trajectories can be seen in the top
right of Figure 1b (colored solid curves). Artefacts seen in the trajectory after armature
touchdown were caused by a physical rebound from the bottom of the container. After
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the experiment, the sample was repositioned and resubmerged in nitrogen for a consecu-
tive test

3. Experimental Results

Disk displacement (D) studies were performed in the free flight regime when the
drag force caused by the surrounding nitrogen gas was negligible. To avoid any rotational
motion of the disk-shaped superconducting armature that could lead to an unreliable sig-
nal from the IR sensor, the disk center, the pancake coil center and the magnetic field
sensor were placed along the same axis. The experimental armature displacement vs. time
curves are presented in the top right of Figure 1b. They consisted of several peaks, the first
of which shows the armature movement due to the electromagnetic acceleration, while
the others are the result of the disk bouncing from the bottom of the cryostat. As it can be
seen, the front of the first peak exhibits two phases: a relatively slow (delay) altitude
change that lasts approximately 15 ms after the beginning of the current pulse and corre-
sponds to the current pulse rise time, and a fast phase, which lasts up to the time instant
when the armature reaches its highest altitude. The displacement growth during the delay
phase was more abrupt at higher capacitor bank charge voltages. The fast phase of the
displacement curve can be well approximated by a parabolic law that is typical for free
fall at the surface of the Earth.

Maximum displacements (D,,) in addition to direct readings of the IR sensor (labelled
“Voltage” in Figure 2) were also estimated from the flight durations (labelled “Timing” in
Figure 2) as the lift-off and touchdown events could be clearly identified from the dis-
placement curves. The values of D,, for different capacitor charge voltages (from 1 to 1.3
kV) are presented in Figure 2. The experimentally used capacitor voltages corresponded
to the 450, 490, 530 and 570 A current amplitudes Iy, flowing through the pancake coil.
At higher charging voltages, the armature rose past the distance sensor calibration range,
which covered nearly the whole cryostat. For voltages below 1 kV, the displacement read-
ings were too small to be reliable, and no displacement was observed for voltages below
700 V when the Lorentz force was smaller than the weight of the YBCO disc. “Timing”
and “Voltage” approaches gave similar results. D,, appeared to follow a nearly linear
trend with increasing capacitor voltage within the investigated voltage range.
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Figure 2. Maximum displacement (Dm) reached by the superconductor for different capacitor volt-
ages. The height calculated from the flight duration is labelled “Timing”. “Voltage” corresponds to
the height measured by the sensor, and “Simulation” shows the results obtained from modelling
with jo = 5% 108 Am~2.

Figure 3 shows the results of the magnetic field measurements using a CMR sensor
placed, as shown in Figure 1a, during experiments with and without the superconductor.
In the case of the empty cryostat experiments (labelled “Without SC”), the magnetic field
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pulses had the same waveforms as the current pulses flowing through the pancake coil.
Introducing the superconductor significantly changed the magnetic pulse waveforms
coming from the empty cryostat case. The superconducting disk caused a decrease in the
magnetic field magnitude. This decrease was strongly expressed in the beginning of the
magnetic field pulse and partially covered the pulse decay period. The difference between
the reference field magnitude (“Without SC”) and the one during launch (“With SC”)
gradually disappeared as the superconducting armature moved away from the pancake
coil and its influence on the field in the sensor position diminished. The time until the
magnetic field value for “Without SC” and “With SC” became the same, decreased with
the increasing capacitor bank charging voltage and was approximately equal to the delay
time visible in the displacement vs. time curve (see Figure 1b). This shows that the elec-
tromagnetic interaction between coil and superconducting disk mainly took place during
this time period.
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Figure 3. Magnetic field dynamics: the blue curves show the measured field with the empty cryo-
stat. The green curves represent the measurements during the acceleration of the superconductor.
The dashed lines are the simulation results of the reference field and the field during supercon-
ductor acceleration (jc = 5 x 108 Am™2) for the corresponding capacitor charge voltages.

4. Simulation Background

The behavior of our experimental setup was also investigated numerically. Figure 4
shows the principal geometry used in our modelling. The dimensions of the supercon-
ducting domain used for simulation were the same as that of the sample’s used in the
experiments. The nonlinear eddy current problem was solved in the armature’s frame of
reference using Maxwell’s equations in their H-formulation (H-form) in 2D axis-symmet-
ric form using Comsol Multiphysics commercial software:
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Figure 4. Model geometry: the superconductor domain is represented by the grey square, and the
air domain is left white.
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Here, E is the electric field (bold symbols represent vectors), u—the magnetic per-
meability, H—the magnetic field and j—the current density. Different E substitution
laws were used for the air and superconductor domains. The air was described as having
linear resistivity E = pj, while a power-law relationship was used for the superconduct-

ing domain.
E=E (m)" 2 (3)
“\e/ Uil

Here, E¢ is the critical electric field (by convention 1 uV/cm), jc is the current den-
sity at which the critical electric field is reached and n is a parameter that describes the
“hardness” of the superconductor and models the “steepness” of the superconducting-
normal transition. Generally, jo depends on the magnetic field and the temperature.
These dependencies were neglected in our model, and a constant j. was assumed. This
is physically accurate when the sample does not heat up, and a slowly varying region of
the jc — H curve is reached.

The H-form problem is a boundary value problem with a boundary condition [22]:

H(r,z,t) = Hsc + Hpc. (€]

Here, Hg: is the magnetic field generated by the eddy currents inside the supercon-
ductor and Hp is the field generated by the pancake coil. Hpc is the product of the cur-
rent pulse Igmp* G(d -t) (Igmp is the amplitude of the pulse, G represents the pulse
waveform seen in Figure 1b, t is the time and d is the pulse duration multiplier. d =1
corresponds to the experimental pulse). The magnetic field generated by the coil thus was:

Hpoc = F(r,z + leq + D(t)) * IgmpG(d - £). 5)

Here, the F(r,z) is the spatial magnetic field map of the pancake coil, which was
calculated separately. Hsc was calculated in a separate A formulation module (magnetic
fields in AC/DC module) using the current density calculated in the H-form module as an
input and treating the entire model domain as air to avoid a secondary generation of eddy
currents.
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The electrodynamic problem was solved in the superconductor’s frame of reference,
offsetting the magnetic field map by the solution of the mechanical problem D(t) for each
time step. The displacement, velocity and acceleration were calculated from the Lorentz
force, taking gravity into account. Since the problem is axially symmetric, the dynamic
equation for the vertical displacement (D) was:

d?D(t)
dt?

mE = [Go- wHav —mg. ©

Here, m is the disk mass (in our calculations 171 g), and j, and H, are current den-
sity and magnetic field components in 6 and r directions. V is the disk volume, and g
is the standard gravity (9.8 m/s?).

5. Simulation Results and Discussion

For the analysis of the experimental results presented in Figures 1-3 (D vs. t, Dm vs.
capacitor bank voltage U and B vs. t at sensors position), we performed calculations using
the mathematical procedures presented in Section 4. In our model, the superconductor
was described by two parameters: j; and n. The value of the parameter n was chosen to
be 20, because at that value, it describes a hard super-conductor with a flux-creep regime
[40], which is the most common kind supported by the literature [18,21,41]. The dashed
curves in Figure 1b show the modelling results of the D vs. t dependence. As it can be
seen, it well demonstrates all the features of the disc movement obtained experimentally
(delay and parabolic phases). Good quantitative agreement (in the frame of experimental
error) between the experiments and the calculations was achieved using jc =
5% 108 A/m?. In order to estimate how reasonable this value was, we calculated the j¢
using the trapped magnetic field (B, = 1.2 — 1.3 T) measured at 77 K temperature 1 mm
above the superconductor’s surface, which was included in the data sheet provided by
the disk manufacturer [34]. This estimation was performed using an analytical formula
(7) derived from the Biot-Savart law by its direct integration over a cylindrical domain
populated by a constant current density directed azimuthally:

J@T G- +a J@F G D +a

Ez-d)n z-d) z+d)

—(z+d)In (7)

Here, B is the trapped field, a is the radius of the disk, d is its half height and z is the
distance between the center of the disk and the point at which the trapped field was meas-
ured (on the central axis of the disk). A j in the range 1.2-1.3x 10° A/m? was obtained.
A four times higher j. value that was satisfactory to match our modelling with the ex-
periments can be easily explained by the significantly lower magnetic field (0.35 T) in our
experiments than the one generated by the magnetized sample according to the datasheet.
Such bulk superconductor jc behavior was provided by the disc manufacturers in [42].
Using fixed jc and n values (5 x 108 A/m? and 20, respectively), the obtained sim-
ulations were in good agreement with the experimental data (maximal displacement D,,
for different U) that is presented in Figure 2. D,,, was evaluated from the calculated D
vs. t curves, taking the peak value. Modelling based on equations presented in Section 4
allowed the simulation of the magnetic field dynamics measured by a CMR-B-scalar sen-
sor (see Figure3) in both the “Without SC” (dashed—dotted curves) and “With SC” (dashed
curves) cases. As it can be seen from Figure 3, the B vs. t dependences measured during
the launch of the superconducting disk can be well described by simulations using the
same jc and n parameters that were used for the simulation of D vs. t and D, vs. U.
Good agreement between the simulation and the experimental results demonstrated
that the modelling method in the armature’s frame of reference, neglecting Joule heating,
is suitable for the study of the behavior of type II superconductors during an electromag-
netic launch. In the following sections, we present theoretical studies of this configuration,
which were outside the limits of our experimental capabilities. We investigated different
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scenarios with different pancake current waveforms: “step-like” (1 ms rise time) and “ex-
perimental” (Figurelb). In addition, we investigated the effects of critical current density,
the armature starting distance from the driving coil and the pulse duration using the ex-
perimental current pulse waveform. The performance of the superconducting armatures
was compared with Cu and Al armatures of the same geometry, cooled to 77 K.

5.1. Influence of j. on Energy Conversion

In a vertical acceleration arrangement, the total mechanical energy is the sum of its
kinetic energy and potential energy. During acceleration, this energy evolves over time
until a steady value W, is reached. This energy value depends on the electromagnetic
energy generated in the pancake coil and the electromagnetic interaction between the su-
perconducting armature and the coil. With a fixed coil current pulse waveform, the am-
plitude I, and the armature geometry W,,. depends only on the magnitude of j¢. Cal-
culations of the j¢ influence on W,,, transferred to the armature at different coil current
amplitudes were performed using experimental armature geometry at two starting dis-
tances from the surface of the pancake coil and the superconducting armature: 7 (our ex-
perimental condition) and 5 mm, presented in Figure 5. Initially, as can be seen in Figure
5, anincrease in the j¢ leads to anincreasein W,,, transferred to the superconductor, but
with sufficiently high jc, this transfer tends to saturate. This can be explained by the de-
crease of the magnetic field penetration depth, which becomes shallower and approaches
a surface field limit due to the increase in the j¢. This depth then again increases with the
field amplitude and the surface current limit is pushed to higher jc values. As can be seen
in Figure 5, under otherwise identical launch conditions (pulse waveform and amplitude),
a decrease in the distance between the pancake coil and the superconducting armature
l.q increases the W,,, value. Lowering the I.; by 2 mm causes increases in the W, of
about 40%, 27% and 22% for pulse amplitudes of 0.53, 1 and 1.5 kA, respectively. These
results indicate a way of making more economical launch systems. Relatively high launch
efficiency can be reached using a superconductor with a relatively low jc. Thus expensive,
high jc armature material could be replaced by materials with a lower j; without a sig-
nificant decrease in the launch efficiency.
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Figure 5. The influence of the critical current density on the total mechanical energy transferred to
the superconductor for different current pulse amplitudes and starting heights. The symbols rep-
resent the simulation data. The lines are the logistic function fits (y(x) = (c; — ¢z)/(1 + (x/x¢)?) +
Cz).

5.2. Effects of Pulse Amplitude

To investigate the behavior of an electromagnetic superconductor launch in a
broader range, we performed numerical calculations outside the current amplitude range
that our experimental setup could withstand. Two sets of l,; and jc were investigated
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(7 mm with 5 x 10® A/m? and 5 mm with 3.55 x 107 A/m?). The first one corresponded
to the experimental conditions. The second set produced values of W;,,;, which were close
to those obtained in the experimentally investigated scenarios, only with a 2 mm shorter
starting distance I.4. This set illustrates the worst case that could be justified by experi-
mental error. The performance of the superconductors was also compared with armatures
of the same geometry, which were made from copper and aluminum, the materials most
commonly used today. We assumed the temperature of liquid nitrogen for all of the ma-
terials to make the comparisons fair. Masses and resistivities of the armatures used in the
simulations were m = 264 g and p = 2.65 X 107° Qm for copper and m = 79.5 g and
p = 444 x107° Qm for aluminum. The results obtained from the simulations are pre-
sented in Figure 6 (points up to 600 A correspond to the experimental values). As can be
seen, an increase in the current amplitude resulted in a higher energy being transferred to
all the armatures. For the superconducting armatures, this increase is larger in the lower
amplitude range (W,  I5,) and reduces to a nearly linear relationship for the first pa-
rameter set and a sublinear one for the second set. Superconducting armatures performed
better than the normal metal ones at these lower current pulse amplitudes in both cases.
This advantage decreased with the current pulse amplitude, and in the second parameter
set case, copper overtook the superconductor at Iy, ~ 3.7 kA. By extrapolating the data,
copper is expected to overcome the superconductor at 43 KA in the first parameter set
case.
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Figure 6. The influence of the current pulse amplitude on the total mechanical energy transferred to an armature made
from a type II superconductor, copper or aluminum for the experimental pulse shape and duration. I, =7 mm,jc =
5x 10% A/m? (a)and l,q = 5 mm, jc = 3.55 x 107 A/m? (b).

5.3. The Influence of Pulse Duration

The energy obtained by the superconducting armature due to electromagnetic accel-
eration depends on the duration of the coil current pulse. In addition, the launch process
is complicated by the large magnetic field gradient through which the armature passes
during acceleration. To investigate how W,,, depends on pulse duration (d), we per-
formed calculations using pulses with a fixed current pulse amplitude (1.5 kA) and the
waveform shown in Figure 1b, scaled in time by a factor of d. d is the relative pulse time
duration, and its value represents how many times the pulse duration is shorter. The ex-
perimental pulse duration was taken to be d = 1.

Figure 7 illustrates the effects of the d value on W, in each of the parameter sets.
In the case of the first parameter set, the superconductor outperformed the metal arma-
tures within the entire investigated duration range. However, this advantage of the su-
perconducting armature was lower in the case of the second set of values and disappeared
when the pulse duration was four times shorter. The metal armatures also showed im-
provement when brought close to the field source due to the increased magnetic coupling.
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All of the materials exhibited a peak in their W, vs.d dependence. The superconductor
peaked at a ~2 times shorter pulse for the first set and ~1.5 times shorter for the second
one and was ~3 and ~1.5 times more effective than the Cu armature at the same pulse
length. Such behavior can be explained by examining both the very long and the very
short pulses. At the very short magnetic field pulses, the armature can be considered sta-
tionary throughout the pulse. In such cases, the force applied to the armature is propor-
tional to the amplitude of the field for both the metal and superconducting armatures.
When the pulse amplitude is kept constant, an increase in the pulse duration acts only by
increasing the interaction time between coil and armature, which increases the energy
transferred to the armature. However, under the action of a long pulse, the position of the
armature cannot be considered static. At a certain moment, the driving force overcomes
gravity, and the armature starts to move away from the coil. As it does so, the coupling to
the coil decreases and the utilization of the remaining part of the magnetic field pulse for
the energy transfer becomes smaller. In the metal armature cases, this increase in the pulse
duration also reduces the driving force as the eddy currents decay over time and the field
penetrates deeply into the armatures. This explains why metal armatures peaked at higher
values of d. The results obtained show that the superconductor can be effectively acceler-
ated using slower magnetic pulses. This opens up possibilities of using cheaper power
sources, which do not require fast, high power switching to drive the coil.
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Figure 7. The influence of pulse duration on the total mechanical energy transferred to armatures made from type II
superconductor, copper or aluminum. The pulse amplitude was 1. 5 kKA. I.,4 =7 mm,jc = 5 x 108 A/m? (a) and Iy =
5mm, jc = 3.55x 107 A/m? (b).

5.4. Step-Like Field Pulses

The effects of pulse duration showed that the superconducting armature is better
than the metal ones at longer pulses. For this reason, we investigated the effects of step-
like (rise time of 1 ms) current pulses and their amplitude. This pulse shape has both a
high magnetic field transient in the beginning of the pulse and a constant field afterwards.
The results for this scenario can be seen in Figure 8. Initially, the energy transferred to the
armature increased with the increasing magnitude of the applied field. For the first set of
parameters, W, for the superconductor increased with Iop, by a power of 1.7, while for
the metals, this power was 2.3. In case of the second set of parameters, the power index of
this relationship for metals did not change much and stayed at about 2.5. For the super-
conducting armature, the initial growth power of ~1.5 decreased with Iy, and W;,, and
began to decrease for the higher values of Iop,. The superconductor outperformed the
metals until the amplitude of the step reached ~7.5 and ~1.15 kA for the first and second
parameter sets, respectively. This relatively low current crossover point was in part
caused by the strong braking of the superconducting armature (see analysis presented in
the next section).
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Figure 8. The influence of step-like current pulse amplitude on the total mechanical energy transferred to an armature
made from type II superconductor, copper or aluminum. l,; =7 mm,jc =5 x 108 A/m? (a) and I,y =5mm, jc =
3.55x 107 A/m? (b).

5.5. Magnetic Braking

The magnetic braking phenomenon is important for the operation effectiveness of
inductive electromagnetic launchers. It is caused by the interaction between an armature
and the magnetic field source when the flux that has already penetrated the armature
begins to decrease. Magnetic field penetration into the armature is called armature cap-
ture [43]. At a certain acceleration stage, it decreases the armature driving force and con-
sequently the efficiency of the synchronous wave induction coilguns, which use metal as
the material for the projectile. During electromagnetic acceleration, the flux through an
armature can decrease due to the decrease in the external field when the driving current
begins to fall or due to its motion in a large magnetic field gradient. When this flux starts
to decrease, a counter current is induced. This current then flows in the same direction as
the current in the coil, and an attractive force component is introduced. In some cases, this
attractive force can overcome the propelling force, and the armature is decelerated.

We obtained that this breaking phenomenon in the case of the superconducting ar-
mature is well expressed in the case of step-like pulses. Figure 9 illustrates the evolution
of the mechanical energy (Wne(t) = Wiinetic (t) + Wyotentiar (£)) over time when a super-
conducting armature is being accelerated by a step-like pulse, using the second set of pa-
rameters. It depicts the transition between no braking and the considerable braking re-
gimes. For low current amplitudes, the W}, steadily approaches a constant value (W;,;).
The W, vs. t dependences at higher current amplitudes have a maximum (W) that
is reached in the beginning of the acceleration, after which they decay to a steady value of
W;ot, which we consider to be the total energy transferred to the armature. The energy lost
to magnetic braking or the braking energy is the difference between the W, and W;,,.
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Figure 9. Evolution of the mechanical energy of the superconducting armature over time when the
armature was accelerated by a step-like driving current pulse. [, = 5 mm, jc = 3.55 x 107 A/m?.

No magnetic braking was observed in the critical current density parametric sweep.
The values of W, for all the other investigated scenarios can be seen in Figure 10. The
strongest braking was observed using step-like pulses when W,,,. increased with I, by
the power of ~3.5 and ~3 for the first and second sets, respectively, for the superconducting
armature. This strong dependence was the reason why W;,, started to decrease with the
higher values of I,,,, when using the second set. Meanwhile, metals showed a nearly
linear behaviour. It needs to be noted that even though the power of the relationship was
higher for the superconducting armatures, they lost less energy than the metals along a
wide range of I,mp. Magnetic braking could be minimized by rapidly switching the driv-
ing current off when the acceleration of the superconducting armature approached zero.

Amp. Step. Dur. b)
leg= 7 mm (. o SCl leg= 5 mm
jo= 5x10% Am~2 —o—e— o Al A 1 |ic= 3.55x107 Am™2
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Figure 10. Total mechanical energy lost to magnetic braking. The green line (left) illustrates the effect of the experimental
pulse shape amplitude, the blue line, the step-like current pulse amplitude. The yellow line(right) depicts the effects of the
pulse duration. [, = 7 mm, jc = 5 x 10® A/m? (a) and I,y = 5 mm, jc = 3.55 x 107 A/m? (b).

No braking occurred using the first set of jc and l.4 for the superconducting arma-
ture when the simulations were performed using the experimental pulse waveform. It
was, however, observed when using the second set of parameters. In this case, the W,
followed a parabolic behaviour (« I5%,). Meanwhile, the braking energy for the metals
again satisfied a nearly linear trend.
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For the pulse duration sweep, the W), of the metal armatures was similar for both
starting distances. The superconductor did not show braking with the first set of parame-
ters. The Wy, seemed to approach a maximum for high d and decreased as d ap-
proached 0 with the second set. This behaviour of W, canbe explained in the same man-
ner as in the case of Wp,. At short pulses, the braking energy is mainly dependant on the
interaction time and increases with the increasing pulse length. For long pulses, the arma-
ture moves away from the coil, thus reducing the magnetic coupling and thereby reducing
the energy transfer between the coil and the armature.

Figure 11 shows the induced current density distributions along a vertical line at r =
1 cm at different time instances when armatures were accelerated by an experimental
pulse with an amplitude of 3 kA. The current density in the Cu armature (as well as in all
other normal conductors) decays both in time and along the line, going deeper into the
sample. This results in the current density being strongest near the bottom of the sample,
where the magnetic coupling to the driving coil is the strongest. In the superconducting
armature case, the current density distribution is rectangular and close to j¢ in magni-
tude. A high dB/dt induces an overcritical current density that is highest near the driving
coil. This current also decays in time, but the decay rate is negligible below jc. The result
of this is the generation of two opposite currents circulating within the superconductor,
which are located near the surface when the magnetic pulse begins to decrease. For this
reason, there is always a non-negligible accelerating force component that mitigates the
braking, and superconductors lose less W}, than the metals. It follows that larger W,
should be expected in situations where the magnetic field penetration depth is large, as
the accelerating current would then be situated further away from the coil. This argument
agrees well with the braking results discussed earlier (note W, vs. Iom, dependences for
experimental and step-like current pulses).

rl—’j r_l—l—]ﬁ
Copper| |Superconductor|

- \
s
=2ms
[——12ms
25ms
(=200 ms|
1 1
2 4 6 8 10 12 14 2 4 6 8 10 12 14
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Figure 11. Current density distributions in the copper and superconducting armatures (second set of parameters) along a
vertical line 1 cm from the center at different times when accelerated by an experimental current pulse of 3 kA amplitude.
leg = 5mm, jc = 3.55% 107 A/m?.

Opvercritical current densities have to produce substantial Joule heating in the super-
conductors due to the power-law E — j relationship. For this reason, rapidly changing
the magnetic field pulses should be avoided, as it increases the armature temperature and
lowers the jc. This could damage the armature due to thermal shock. A reasonably slow
magnetic field ramp-up to a constant value would mitigate this problem. This field should
move synchronously with the superconductor to produce constant acceleration.

The nonhomogeneous current distribution in the armature is important not only for
the magnetic braking phenomenon but also for the optimal armature geometry design.
Figure 12 shows the current density distribution within a superconducting armature (j¢
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= 3.55x 107 A/m?) 200 ms after a 3 kA experimental pulse. The regions carrying no cur-
rent only contribute to the total mass of the projectile and are not utilized for its accelera-
tion. The magnetic field did not fully penetrate the superconductor in any of the regimes
tested. This suggests that an armature geometry optimization is required to achieve effi-
cient and cost-effective launch setups. The optimized shape will depend on the magnetic
field distribution, its amplitude as well as the critical current density of the superconduc-
tor.

The examples discussed in this paper illustrate the main differences between normal
metals and type II superconductors in coil accelerator applications. When normal metals
are used, the induced current density is proportional to the magnetic field derivative and
the resistivity of the material. Due to resistive losses, the field diffuses into the normal
metals. When superconductors are used, the eddy currents are limited near the value of
Jjc by the highly nonlinear E —j relationship (Equation (3)). For these reasons, these two
kinds of materials behave differently in coilgun scenarios. Normal metals require the tran-
sient magnetic field to be accelerated, while superconductors can be accelerated by a time
constant field (provided it has a gradient). This modifies the requirements for coilgun de-
sign and the design of its power supply. A slow field ramp-up is desired to avoid armature
heating. A magnetic field wave of a constant amplitude travelling synchronously with the
superconducting armature would provide constant acceleration without a time limit in
contrast to normal metals where the acceleration decreases due to the armature capture.

Current density, A/m?
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Figure 12. Current density distribution within the superconducting armature for an experimental
current pulse with an amplitude Iy, = 15kA, jo = 3.55x 107A/m?, l;q =5 mmat t = 0.2 s
after the beginning of the pulse.

6. Conclusions

In this paper, we investigated the behavior of an electromagnetically accelerated
disk-shaped superconducting YBCO armature cooled to 77 K. The acceleration was per-
formed in a vertical arrangement using a single-stage pancake coil. The vertical displace-
ment of the disk was measured using an IR distance sensor, and the magnetic field was
measured using a CMR-B-Scalar sensor with small dimensions, which was able to meas-
ure the local magnitude of the magnetic field independent of its direction. It was observed
that the motion and the magnetic field dynamics agreed well with the numerical simula-
tions based on Maxwell’s equations in their H-formulation, assuming that the supercon-
ductor is a nonlinear conductor with a power-law E — j relationship using realistic val-
ues of jc. The numerical investigations showed that a higher critical current density of the
superconductor increased the mechanical energy transferred to the superconducting ar-
mature. This energy, however, had a limit for a given accelerating coil current pulse and
armature starting position. The performance of the superconducting armature was nu-
merically compared to normal metal armatures, cooled to liquid nitrogen temperature.
This comparison showed that an increase in the current amplitude resulted in higher en-
ergy being transferred to all these armatures. For the superconducting armature, this in-
crease was larger in the lower amplitude range and then was reduced to a nearly linear or
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sublinear relationship depending on the parameter set used for the calculations. Thus, the
use of superconducting armatures was advantageous in the lower pulse amplitude range.
Investigations of the influence of the pulse duration performed using pulses with a fixed
current pulse amplitude and an experimental waveform demonstrated that the supercon-
ductor outperforms normal metals when accelerated by magnetic pulses with smaller
time derivatives. Simulations using a step-like driving current pulse also revealed that
superconductors again outperform normal metals using lower current amplitudes. The
range in which they did so was, however, reduced by the strong magnetic braking caused
by persistent currents. The mechanical energy lost to the magnetic braking had the strong-
est dependence on the pulse amplitude for step-like pulses, where the interaction was not
mitigated by the reduction in the driving current. As eddy currents in type II supercon-
ductors do not decay past the critical current density, the use of superconducting arma-
tures reduces the armature capture limitation and can increase the effectiveness of syn-
chronous induction coilgun launchers.
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