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Abstract

The superconducting material Nb3Sn is replacing the superconducting material NbT1i in
focussing and bending magnets of colliders. This will ensure a higher luminosity and higher
collision energies in the newly developed colliders. The magnets are however exposed to
radiation at the collision points, and Nb3Sn’s high sensitivity to radiation exposure asks for
detailed studies on the ongoing changes with radiation and the possible annealing recovery
of these changes to plan the necessary shielding and maintenance for the magnets. A powder
and a bulk sample of Nb3zSn were neutron irradiated up to a fluence of 8.31 10'" n/cm?
and 1.77 10'® n/cm? respectively and subsequently isochronally annealed up to 900°C. The
influence of these processes on the lattice, the transition temperature T, the upper critical
field B¢o, the penetration depth A and the critical current density J¢ is investigated. Different
behavior is observed upon annealing for the bulk and powder sample, that was attributed to
the sample surface size and/or to the final fluence value. Experiments showed defects present
before irradiation. After annealing, their possible disappearance gave rise to superconducting
properties with values above the values for the unirradiated samples. The irradiation induced
defects responsible for the critical temperature decrease and the critical current density

increase are discussed based on the annealing experiments.
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Kurzfassung

Das supraleitende Material Nb3Sn soll das supraleitende Material NbTi in Fokussierungs-
und Ablenkmagneten von Beschleunigern ersetzen. Dies wird eine héhere Luminositat und
hohere Kollisionsenergien in den neu entwickelten Beschleunigern sicherstellen. Die Mag-
nete sind jedoch an den Kollisionspunkten starker Strahlung ausgesetzt, und die Empfind-
lichkeit von NbsSn gegeniiber Strahlung erfordert detaillierte Studien iiber die Anderungen
der supraleitenden Eigenschaften durch die Strahlung und eine mogliche Wiederherstellung
der urspriinglichen Eigenschaften durch eine thermische Behandlung um die erforderliche
Abschirmung und Wartung der Magnete zu planen. Eine Pulverprobe und eine Massivprobe
von NbsSn wurden mit schnellen Neutronen auf eine Fluenz von 8.31 10"cm? und 1.77 108
cm? bestrahlt. Danach folgten thermische Behandlungen mit Temperaturen bis zu 900°C.
Der Einfluss dieser Glithungen auf das Gitter, die kritische Temperatur T¢, das obere kri-
tische Feld Bgo, die Eindringtiefe A und die kritische Stromdichte J. wurde im Rahmen
dieser Diplomarbeit untersucht. Nach den Glithungen wird fiir die Massiv- und die Pulver-
probe ein unterschiedliches Verhalten beobachtet, das auf die Probengeometrie und/oder die
unterschiedlichen Fluenzen zuriickgefithrt werden kann. Rontgenbeugung zeigte die Anwe-
senheit von Defekten schon vor der Bestrahlung. Ihr allfdlliges Verschwinden fiihrte nach
dem Glithvorgang zu einer supraleitenden Ubergangstemperatur oberhalb der Werte fiir die
unbestrahlten Proben. Die strahlungsinduzierten Defekte, die fiir eine Abnahme der kritis-
chen Temperatur und eine Zunahme der kritischen Stromdichte verantwortlich sind, werden

auf der Grundlage der durchgefiihrten Gliithversuche diskutiert.
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1 Introduction

The superconducting material Niobium-tin NbgSn was discovered already in the year
1954, but only a couple years ago the material became the center of interest and many
intensive studies on the material were performed. The reason behind it is the ongoing
upgrade project in CERN to build a new High-Luminosity Large Hadron Collider (HL-
LHC) [2, 3], and the design development of the Future Circular Collider (FCC). The goal
of HL-LHC is to higher the luminosity to 5-times its previous value. New superconducting
quadrupole magnets in the hadron collider, that focus the particle beams before they meet,
should be able to produce fields up to 12 Tesla. The FCC (the hadron version: FCC-hh)
project on the other hand aims to higher the collision energy to 100 TeV from the previous
13 TeV, and requires 16 Tesla dipole bending magnets.

Previously these magnets were made from Niobium-titanium NbTi, but since NbTi is
only capable of producing magnetic fields up until 9-10 Tesla, search for new materials was
set off. Already in the year 1961 Nb3Sn was found to be able to exhibit superconductivity at
high magnetic fields, making it a great candidate and the development of the new magnets
could start. During the development process several problems came up. The two main ones
being that NbsSn in its superconducting phase is way too brittle to be shaped into cables
and NbsSn superconducting properties are being changed after irradiation. The first prob-
lem is being resolved by making the cables and winding them into a coil in its unreacted,
non-superconducting phase and only afterwards undergoing a heat treatment, that causes a
reaction, switching the material to its reactive phase. The second problem, due to the fact
that these magnets are going to be exposed to radiation at the collision points, can not be
overlooked. To help better understand how the changes in superconducting properties are
happening and how to better avoid them, is the main subject of this thesis. Experiments mea-
suring the superconducting properties of the material are performed after several irradiation
steps, to establish the exact changes at the exact radiation doses. Following the experiments
after the irradiation steps, are the experiments after several annealing steps. The idea behind
this, is to get a better idea about the exact defects being created during irradiation, as well
as information about the possible recovery of the superconducting properties. All together
this information will be useful for the development of the HL-LHC anf FCC-hh magnets, its
necessary shielding and further maintenance. Information about the created defects can also

provide information about how atomic ordering effects superconductivity.
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2 Theoretical background

2.1 Superconductivity

The movement of electric charges within a material is determined through scattering on
phonons, impurities or on oneself. A very good approximation of the final result for electric
resistivity p is given by the Matthiessens rule, that states that the electric resistivity of the
individual processes can be simply added. In metals however the phonon part outweighs
all the other processes at ambient temperature. To describe the phonon part the Bloch-
Griineisen model (figure 2.1) can be applied. In this model, the electrical resistivity grows
with temperature and can be split at the Debye temperature into two parts with different
behaviors - a high temperature part proportional to T and a low temperature part propor-
tional to T, that converges to a temperature-independent resistivity caused by impurities:
p (T=0K)=po.

p(Q)

=10
|
.

6
O =0 100 150 200 250 300 40 41 42 43 44 45
T(K) T(K)

Figure 2.1: Left: Electric resistivity for simple metals as described by the Bloch-Griineisen model. Right:
Electric resistivity of mercury

In the year 1911 Kamerlingh Onnes discovered an unexpected behavior of the electrical
resistivity whilst performing measurements on mercury. He observed that the above men-
tioned model could only be applied above 4.2K and at 4.2K, the electrical resistivity rapidly
felt to non measurable values (figure 2.1). This zero electrical resistivity state (values smaller
than 107'*) under a specific critical temperature is now called the superconducting state and
can be found in a series of other metals and alloys [4].

Later, it was established that superconducitive materials are characterized not only by
their zero resistivity, but by a whole range of special properties that are observed under a

specific critical temperature T, critical field Ho(7') and critical current density Jo (T, H).


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar.

The approved original version of this thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

Other special properties of superconductors:

2.1.1 Meissner-Ochsenfeld Effect

The Meissner-Ochsenfeld effect is the expulsion of the magnetic field from the inside of
a superconductive material in its superconducting state. This property however can not be
explained just by taking the zero resistivity property into consideration alone. For further
illustration of this problem, let us consider an ideal conductor (p (T<T¢) = 0) and two paths
in the HT-diagram in figure 2.2 [5]. Superconducting materials at temperatures and fields
below the Ho-To curve are in the superconducting state, above it they are in the normal

state.

Putting the formulas of Ohms rule, definition of voltage, Stokes theorem and a Maxwell

equation, respectively into use, the following formula for an ideal conductor is obtained.
0=IR=U=§¢.Edl= [,rot EdS=—283

This formula states, that the magnetic field of an ideal conductor has to remain constant in

time at temperatures below the critical temperature.

63} :T: >
T

Figure 2.2: HT-diagram and two possible paths, 1 and 2

Following path number one in figure 2.2, the material goes though zero field cooling first
and only after achieving temperatures, where resistivity is zero, a magnetic field is applied.
This field is expelled from the inside of the material to keep the magnetic field inside constant
in time: B,,,;=0.

Following path number two brings different results. First the external field is applied and
then the material is cooled down. In this case to keep the magnetic field constant in time
inside the material, the inner magnetic field has to be equal to the outside field even below

the critical temperature: B;,;=B,u:.
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Assuming the superconducting state has zero resistivity without any further changes
in its properties compared to the normal state, leads to an inequality in B;,; and a non
thermodynamical state. The solution is an additional property of the superconducting state,
the Meissner-Ochsenfeld effect. This effect causes not only the inner magnetic field to be

unchanged in time, but the inner magnetic field to be zero itself.

Considering that B,; = 0 = po(Hewr + M), the magnetization is equal to the negative
of the applied field, meaning that superconductors behave as perfect diamagnets with mag-
netic susceptibility ¥ = —1.! In path 2, the outside magnetic field is compensated through
Meissner shielding currents flowing at the surface, which come in play in point A and create
a field just outside the surface equal to H;,;. The expulsion of the field takes place until the
applied field reaches a critical magnetic field Ho(T).? Above the critical field, the material
switches to the normal conducting state, because at Ho(T) the lower ground state energy of

the superconducting state is compensated through the energy needed for shielding currents.

The Meissner-Ochsenfeld effect is explained by the London equations, based on the as-
sumption that the shielding currents occur on the surface reaching only a specific depth Aj,,
the London penetration depth. The second London equation explains the occurrence of the

superconducting current j, even in a static magnetic field:

V x (Aj,) = —B  with London parameter A = (2.1)

nge2
2.1.2 Quantization of the magnetic flux inside a superconductive ring

An even better insight into the behavior of the currents in a superconductor is given by the
Ginzburg-Landau equations, based on the Landau theory for second order phase transitions.
The Landau theory describes the development of a parameter ng, that is finite for T<T¢,

but equals zero at T>T¢. The chosen parameter ng for the Ginzburg-Landau equations

!These conclusions only apply, if H;,;=Hyy;. The inner field of a sample is defined as H;,,;=Hoy; - Hp,
where Hp is the demagnetization field and is equal to D x M, with the geometry dependent demagnetization
factor D. The demagnetization factor D can have values between 0 and 1. If D=0 the above described
behavior takes place.

Otherwise applies Bipt= 0 =po(Hint + M)= po(Hour + M (1-D)) — M= - H,,¢/(1-D) — x = -1/(1-D)

2In case of a non zero demagnetization field after an applied field reaches He(T)*(1-D), a switch to a
normal conducting state should occur, because H;,;=H¢(T). If this would in fact happen, in normal state
M=0 and thus H;p;=Hou= Ho(T)*(1-D)<He(T). This would again imply a switch back to a superconduct-
ing state. Instead of an abrupt switch to a normal state an intermediate state is formed for Ho(T)*(1-D)<
Hout<HC(T)
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is the wavefunction of the superconductive state, U(7) = ¥, expli¢(r)], where |¥y|? is the
Cooper pair density. Cooper pairs are responsible for the superconductive behavior and their
role is better explained in the BCS theory of superconductivity.

Taking into consideration the field-shielding-energy and interface-energies between nor-
mal and superconductive areas, two Ginzburg-Landau equations can be derived. The second
Ginzburg-Landau equation is an extension of the second London equation and describes the

superconducting current. It can be written as an equation for the change of phase:

ﬁ qs |\I]O|2 Js

Using this equation to calculate the magnetic flow in a superconductive ring, an inter-

Vo= (o 0+ 0.A) 22)

esting phenomenon comes up. First one must calculate the line integral of the equation 2.2
around a closed path within the superconductor, deep enough so that ]2 = 0. After the
integration of the left side, the change in phase, has to be equal to an integer multiple of 27,
because the wave function after a full cycle has to be unchanged. After some reordering and

an application of the Stockes theorem the final result is obtained:

h -
UL / B dS = ®, (2.3)
qs S

The resulting magnetic flow enclosed through the superconductive ring is quantized.
2.1.3 Jump in specific heat C

For a proper description of the specific heat in superconductors a favorable variable is

the Gibbs free energy G. The formula :

Gn(0,T) — Gs(0,T) = (2.4)
represents the condensation energy lost after the transition to a superconductive state from
a normal state. Difference in specific heat (the jump) can be calculated from the second
temperature derivation of Gibbs free energy, multiplied with the negative of the temperature:

VT | /0Bc\? 92Be
(8T> +be (aTQ)

AC=C¢g—Cy=—
Ho

(2.5)
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Figure 2.3: Specific heat diagram for normal materials and superconductors

Figure 2.3 displays the differences in specific heat between normal and superconducting
materials.

ForT > Ty : Bc =0 and (%LTC) = 0. Above the critical temperature AC' = 0 and both C
of superconducting and normal state follow the specific heat represented in the Sommerfeld
model, where C grows linearly with temperature: Cy=~T, where  is the electronic specific
heat coefficient.

For T=T¢ : Equation changes to Rutgers formula :

ACq, = (2.6)

Ve (aBC)2
Ho oT Te
Rutgers formula gives the value for the jump in specific heat and confirms a second order
phase transition at T¢.

For T — 0 : Specific heat of superconductors has an exponential drop, which points to

the existence of an energy gap.

2.1.4 Energy gap

As previously mentioned the superconducting behavior can be explained by the BCS
theory. The BCS theory extends the calculation of the Cooper problem. The Cooper problem
solves the Schrodinger equation for 2 electrons outside the Fermi level (ki, ks > kp) in the
presence of an attractive potential V between the two electrons. As a result it is found
that the 2 electrons forming a bound state have an energy below 2FEr. From this it can be
concluded that it is energetically favorable to couple the electrons above Fermi sea, making
the original ground state unstable. These 2 coupled electrons have opposite spin and impulse

and are referred to as the Cooper pair.
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N(E) 8

N(E)

A >

13

Figure 2.4: The single particle (Quasiparticle) representation of the density of states. Paired electrons are
pushed out of the gap region causing peaks on the edges of the gap

The electrons are coupled through lattice vibrations (phonon interactions). As an electron
moves through a lattice of ions, the ions are being attracted towards it and creating a positive
cloud. Since the mass of ions is much larger than that of electrons, this cloud remains on
the spot even after the electron moves away. The positive cloud attracts another electron
towards it (with opposite impulse), linking the movement of the second electron to the first
one. They can couple over a 100 nm range (lattice spacing is only 0,1 nm).

Paired electrons condense to the same energy level similarly to Boson like states, creating
a very small gap (in meV range) around the Fermi level in the single particle representation
of the density of states. This gap protects the state from being destroyed and prevents
scattering, that otherwise causes resistance. The gap is largest at T=0K and decreases,
because the binding energy is weakening with temperature, until T, where the gap vanishes
completely (figure 2.4).

All particles in the superconducting state condense to the same energy level and can be

described with a collective wavefunction [6].

2.1.5 Isotope effect

The critical temperature depends on the number of neutrons in the lattice atoms, which
define the mass of the respective isotope. This hints to phonons contributing to superconduc-

tivity and confirming the assumption, that Cooper pairs are coupled via lattice vibrations.
2.2 Classification of superconductors
Superconductors are divided into two categories: type I and type II superconductors.

A type I superconductor expels the magnetic field fully up until it reaches a critical field

7
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Bec. At Be a phase transition from superconducting state to a normal conducting state takes
place.

A type II superconductor is defined by two critical fields: a lower critical field Boy and
an upper critical field Bgy. Below the lower critical field Bgoy the type II superconductor
experiences a full expulsion of the magnetic field from the inside of the superconductor.
Crossing of the B¢, however causes magnetic flux vortices to penetrate the material. The
magnetic flux vortices carry an identical quantum @, of flux, and are each surrounded by
current shells, keeping the rest of the material superconducting. They are arranged in a
special triangular shaped lattice with the lattice spacing d being (1.15®,/B)%°. Only after
crossing Beo a transition to a normal conducting state takes place. The state of the super-
conductor between the two critical fields is called the Shubnikov state. The question if it is
energetically favorable for a material to let in these magnetic flux vortices (new interfaces),

is answered based on the value of the Ginzburg - Landau parameter x:

1 1
k < — — type 1. Supeconductor; k > — — type II. Superconductor (2.7)

V2 V2
The Ginzburg - Landau parameter  is the ratio between the magnetic penetration depth A
and the coherence length ¢&. Whilst A is the distance from the surface required for the outside
magnetic field to fall to 1/e of its original value inside the superconductor and depends on
the superconducting electron density, £ is linked to the transition length between a normal

and a superconducting state.?

2.2.1 Ciritical current density

In section 2.1.1 was stated that superconductors lose their superconducting properties
above the Te- Bo(T) curve. The Silsbee hypothesis further explains the existence of a crit-
ical current density Jo for type I superconductors. A current flowing in a superconducting
sample creates a magnetic field B;. This field is accumulated just outside the surface of
the superconductor and added to the expelled magnetic field B;,;. If the current is being
increased, eventually the magnetic field at the surface, By + By, will exceed Bo(T) and
the sample will change to its normal state. The current density resulting in B (T) at the

surface is the critical current density Jo(T,B).

3In the BCS theory exclusively ¢ is the size of the Cooper-pair
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The critical current density J¢o for the type II superconductor can be explained as follows.
After the magnetic field on the surface exceeds Bgy, magnetic flux vortices penetrate the
sample. Lorentz force is being applied to the magnetic flux vortices as a consequence of
the currents flowing through the sample (J=dq/dV. v) interacting with the magnetic field
vortices (B=n¢y/A) and is defined as dF;/dV=J x B. The opposing force that is trying to
anchor the vortices to pinning centers in the lattice, is the pinning force Fp. Aslong as F, is
smaller than Fp, the vortices are pinned to the pinning centers. Only after Fy, is larger than
Fp, the vortices loosen from their position and start to move through the sample. Moving
vortices cause a flux flow resistivity. The critical current density J- is now described as the
maximum current density allowed before the vortices start to move and the resistivity starts
to raise from zero. All of this is summarized in the equation: Fp=F;,=Js x B.

Critical current density can be raised by generating defects in the crystal structure that
act as point pinning centers and pin the vortices even at higher Lorentz forces. The pinning
is due to the different superconducting nature between the defect and the matrix, causing a
difference in free energy and thus creating an attractive force Fp of the defect on the flux

vortices [7].

2.3 Nb3SIl

Figure 2.5: A15 compound unit cell structure [§]

The intermetallic material Nb3Sn is an A15 phase superconductor of type II. All A15
compounds have the stoichiometry A3sB, in this case A being Niobium and B being Tin, as
well as a specific structure pictured in figure 2.5. The superconducting phase Nb-Sn occurs
anywhere between 18 to 25 at.% Sn, but will in general be described just with NbsSn for

any Sn content between these values.

A15 compounds are superconductors many of which have a relatively high critical tem-

perature and remain superconductive in high magnetic fields. This would also be the case
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of NbsSn. All of the main properties are summarized in table 1. It must be stated, that the
superconducting properties are strongly dependent on the exact compositions of individual
samples and the tabulated values are only given to serve as guidance. They are the values
for 25 at.% Sn on NbsSn wires. Plots of the development of these values with Sn content are

available in Appendix A.

As previously mentioned in the introduction, the superconducting material is very brit-
tle and requires special manufacturing methods to construct wires. The most widely used
method is the bronze technique. In this technique, Nb rods are inserted into a Cu(Sn) bronze
alloy and shaped into wires. Only after the final shape is achieved, reaction heat treatment
will start. Temperatures between 600 to 800°C will start a diffusion process, creating Nb3Sn
on the interface of Nb/Cu(Sn). The cross section of a filament produced in this way can be
found in figure 2.6. Studies of the growth mechanism of Nb3Sn created using this method
showed that Sn is the faster diffusing atom through the product phase [9].

[

Teo [K] | Beo(0K) [T] | A(0) [nm] | ag[A]
18.2 24.5 ~ 100 5.289

Table 1: Some of NbgSn properties for 25 at.% Sn measured NbzSn wires[10, 11]

Figure 2.6: Growth of Nb3Sn at the Nb/Cu(Sn) interface [9]

10
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3 Radiation induced and annealing effects on A15 su-
perconductors

Irradiating the A15 superconductors with neutrons, electrons, protons, deuterons, « par-
ticles or heavy ions, all introduce disorder in the form of a defect into the lattice. These
defects then cause changes in the superconducting properties. A collision of the radiation
particle with the sample lattice can for instance create Frenkel defects, vacancies or antisite

defects.

The following subsections conclude of an overview of all the measured superconducting
parameters, completed with theory and a literature review of previously measured changes.
This knowledge is used for later data interpretation. The methods with which these param-

eters were obtained are described in section 4 Experimental methods.

3.1 Lattice parameter, long range order parameter and mean dis-

placement amplitude

The lattice parameter ag, size of the unit cell, was observed to increase with radiation.
Sweedler et al. [12] sugested that this expansion of lattice could be caused by anti-site de-
fects. Larger Nb atoms, with radius of 1.51A, occupy the position of the smaller Sn atoms,
with radius of 1.41A. However independent experiments by Nolscher and Fliikiger [13, 14]
both showed that irradiating NbsSn and Nb3Ge with the same dosage resulted in the same
ag expansion, which is in conflict with Sweedlers theory. According to Sweedlers theory a
substitution of the Ge atom, with the radius of 1.35 A, should result in a larger ay expansion
than the expansion created by substitution of the larger Sn atom. Nolscher and Fliikiger

ascribed the expansion to decreasing covalent bonding in the Nb chains.

The long range order (LRO) parameter S is a descriptive value of the lattice periodicity
and regularity. A completely ordered lattice is assigned to S equal to one. S decrease is
from the definition of S caused by antisite defects (A site occupied by B atom or vice versa).
X-ray measurements by Fliikiger and Sweedler on irradiated samples show a change in S
dependent on the radiation fluence n [12, 15]. It was Aronin [16] that developed an equation

to describe their mutual relationship. This equation is as follows:

11
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S = Spe | (3.1)

where S is the value after irradiation and Sy is the unirradiated sample value. Sq is set to
be equal to 1. k is the proportionality constant, that is dependent on material as well as the
radiation beam energy and can be interpreted as the number of replacements per primary
knock-on. In the case of NbsSn Sweedler [17] assumed the value of k is going to be the same
for Nb as well as for Sn. This statement is justified by their similar elastic cross section and
mass.

Exact values for k£ have to be found via a fit on X-ray measurements of S. For Nb3Sn
Sweedler reported a k= (0.9 £ 0.3)¥*1072° ¢cm?/n [17], Shiota reported a k=2.2*10"% c¢m?/n
[18] and Brown a k=1.3*10"%" ¢cm?/n [19].

Mean displacement amplitude (u?) describes the displacement of an atom from its regular
position. An increase in (u?) is caused by Frenkel defects. An increase in (u?) with radiation
dose was recorded by Meyer et al. on Nb3Ge and on NbsSn by Burbank et al. [20, 21].

3.2 Critical temperature

Through experiments it was observed that the critical temperature is being reduced
through irradiation [12, 22, 23|. The relationships between decrease of T¢ and the radiation
fluence n is the main interest of these experiments. T¢ for different fluences n is directly
obtained by measuring T after each individual irradiation step. Experiments showed that
below the fluence of 10'®n/cm? the depression in T¢ is relatively small, around 5% decrease
from the original value. For a fluence of 5.10'" n/cm? the depression is 84.5% from the
original value. In figure 3.1 is displayed the dependence for a number of A15 compounds as
measured by Sweedler [12].

A mathematical description of this curve was first given by Bett [24]. The suggested
equation represents a linear behavior between T changes and n as follows:

7% =1-fn ; (3.2)
where [ is a material specific constant, T is a value after irradiation and Tq the unirradi-

ated value.

12
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Figure 3.1: Typical curve for T¢ in relationship to fluence n [12]

Betts equation was proven unsatisfactory. Hahn [25] later on suggested a new exponential

relationship between the two parameters with:

TC 7,3
— =e " 3.3
T (3:3)

Even this equation did not provide agreement with all experimental data, however the
right side of his equation resembles the Aronin equation 3.1. This correctly hints to the fact,
that since radiation changes are expected to be caused by defects, a mathematical description
of this curve should include the long range order parameter S. The following Pande equation

[26] was as well evolved around this idea, resulting in:

Tc
Tco

where « is a constant independent of fluence and can only be found through a fit to the

-el-g) (3.4)

|
9N

%)
o

measured curve. Predictions from only two Ty values about the development of T¢ are
possible. Shiota [18] found that only two measurements at n=0 and n at the order of 10'®
n/cm?; result in an « from the Pande equation 3.4 that can with sufficient accuracy describe
the full fluence range. For Nb3Sn « is found to be around 5 + 1.5 [17].

S/So in the Pande equation is either directly measured through X-ray or replaced by the

Aronin equation 3.1, resulting in a two parameter (k and «) fit of the curve.

For very low fluences Betts, Hahns and the Pande equation coincide, as can be quickly
proven by a simple Taylor expansion of the exponential functions. It follows that § = a x k.
This means that for low fluences we can approximate by a linear behaviour between T and

T, s\
n (from eq. 3.2), but also by 72 = (S_o) (from eq. 3.3).

13
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The description of the form of the Ty curve with the Pande equation agrees very well
with measurements. Pande equation describes change of T with change in S, and since S
changes with the presence of antisite defects, it is stated that the T change through irradi-

ation is caused by antisite defects as well.

A description of the form of the curve from a different perspective is provided in the
paper written by Karkin et al. [22]. Besides measuring the change in T with n, they also
measured the change in transition width AT. This is the width in the temperature region
from when the superconducting state starts to change, until it completely disappears. What
they observed was a bell shaped curve. This suggests the existence of microregions, where
Te is different from the matrix. Karkin explains that the mechanism of disordering can
be explained via the theory of displacement spikes. A knocked out atom through radiation
travels through the lattice until a point, where its energy is transfered to the lattice and
creates a local melting point. Since the time of cooling down is only 107'?s [27] a completely
disordered microregion is fixed. This microregion has a much lower T than the matrix sur-
rounding it. The higher is the dose, the more of disordered microregions there are. Karkin
assumes that until the distance between the individual microregions reaches the coherence
length (3.5 nm for Nb3Sn), the change in T¢ is very small. At the fluence n= 10'®n/cm?
the distances decrease to the coherence length and according to the proximity effect can now
influence each other, as well as the surrounding matrix, causing the T value to be heavily

influenced by the properties of the microregions.

Experiments performed on differently damaged samples of NbsPt (neutron irradiated [28]
and fast quenched [29] ), introducing different defects into the lattice, resulted in correlation
between the long range order parameter S and T (same T values at the same S values for
all samples). Since S changes with the anti-site defect amount, it confirms that the anti-site
defects play an important role in the T¢ change.

The possibility of T changes being caused by Frenkel defects was also investigated.
Fliikigers experiments showed the same value of T¢ at different displacements (u?) [14].
Since (u?) changes with the amount of Frenkel defects, this theory was eliminated. Schneider
et al. showed no trace of displacement in NbzAl films irradiated with low fluences at which
T change was already recorded [30]. Nolscher showed on a NbsSn sample that annealing
of the previously irradiated sample recovered (u?) in the first anneal step at a very low

temperature, whilst T¢ stayed unchanged [13]. These are further confirmations that Frenkel
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defects are most probably not responsible for T degradation.

Annealing experiments on previously irradiated Nb3Sn samples resulted in a full recov-
ery of the critical temperature T¢ [12, 22]. The experiments can either be isochronal, steps
with increasing temperature but constant time interval, or isothermal, steps with constant
temperature but increasing time interval. Each of these approaches lead to different inter-
pretations of T data. Since the used method in this thesis was the isochronal annealing, in
the next section only the interpretation of isochronally obtained data is going to be discussed

to gain information about activation energies.

3.2.1 Reordering kinetics of disordered A15 compounds

The following method was introduced by Dew-Hughes [31]. To interpret the obtained data
from isochronal annealing, one must look into the theory of reordering applied on a specific
model created for A15 compounds (A3B) damaged by irradiation. The applied model makes
2 main assumptions: the only relevant defects are anti-site disorders and single vacancies;
and reordering is executed by displaced atoms hopping into their original sub-lattice with the
assistance of vacancies .The model consists of six possible atom movements and two possible
vacancy formations, all of which are described by a corresponding activation energy. The

activation energies are:

Unay : A atom from A-site to A-site vacancy
Self-diffusion/migration energies

Unmp) : B atom from B-site to B-site vacancy

Reordering energies

Up(ay : A atom from A-site to B-site vacancy
Disordering energies

Up) : B atom from B-site to A-site vacancy

Uyay : formation of A-site vacancy

)
)
)
.) Ursy : B atom from A-site to B-site vacancy
)
)
; Vacancy formation energies

Urcay : A atom from B-site to A-site vacancy}

Uyp) : formation of B-site vacancy

* Migration of an A(B) atom from B(A)-site to B(A) vacancy is very unlikely

The self-diffusion process can either take place after reaching U,,; alone, if vacancies are
present from previous radiation, otherwise only after Uy, 4+ U, energies are reached and ther-

mal equilibrium vacancies are formed to assist with hopping. Same goes for the reordering

15
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and disordering processes, either only the energy Ur (Up) is needed, or Ug + U, (Up + U,).
Based on these energies and assumptions, Welch developed an equation for the rate of re-
ordering. The rate of reordering is represented by a time development of the parameter (.
Parameter ( is equal to (1-S), where S is the long range order parameter. The equation is

as follows:

—UpR(A) —UpR(B)
5< 2 12 Vp - € kRT -vVp-e kRT
_va —Ugr(B —Ugp(A) (3'5)
ot 5B R(A)
vp-e kT 4 (Vg€ RT

where f, is the amount of vacancies and v is the frequency of hopping. In section 2.3 it was
mentioned, that Sn is the faster diffusing atom through the product phase. This suggests
that [Up(A) 4+ U,(A)] > [Up(B) + U,(B)]. Assuming that Sn is more mobile than Nb in the
reordering processes as well, leads to Ur(A) > Ug(B) and the equation 3.5 can be written
for NbsSn as:

—Ur(4)

6<——12 foC? Vg€ BT (3.6)

ot

The amount of vacancies f, changes through time according to the type of vacancy. It is
important to mention, that in this model the reordering process itself does not effect the
amount of vacancies. Vacancies are simply used as a carrier for the reordering process. The
processes that however do effect the amount of vacancies can be summed in the following

formula:

fv:fUO'e%t‘i‘fve’e% ) (3'7)

where f,o are vacancies created during irradiation and f,. are vacancies present at thermal
equilibrium. Radiation created vacancies diffuse to sinks, where they annihilate. Radiation
vacancies recede as an exponential function of time and the relaxation time of the vacancies
diffusing to sinks 7. On the other hand thermal vacancies are created as an exponential
function of vacancy formation energy and temperature.

Inserting equation 3.7 into 3.6, integrating this equation through time from zero to t and
finally substituting all the parameters to their i-th temperature step of the isochronal anneal

value leads to:
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1 1 —Ug(4)
C_ oo =12-vy-¢€ Rz [fooi - (L—e7i )+ foe ekTAz WAV (3.8)
i i1

where A is the time interval of the isochronal anneal and T; is the annealing temperature
at the i-th step. Plotting In(1/¢; — 1/(;—1) against 1/T4; can now provide information about
the activation energies based on the slope of the resulting curves. The three possible plots
are showen in figure 3.2.

Depending on the relationship between the anneal time interval A and the relaxation

time 7, two special cases of the equation 3.8 are recognized:

e A < 7 : The slope in the ploted equation is equal to UR(A)

e A > 7 : The slope in the ploted equation is equal to M

The relaxation time is depended on temperature in the following way:

1

,UM 9
Dy - e77

T =

(3.9)

where Dy is a constant. This means that at higher temperatures 7 is smaller than at lower,

and on a 1/Ty; plot the first case will be to the right and second to the left of the curve.

In (1/G,-1/, )

€)

Vv

1/Ti

Figure 3.2: Possible plots of the equation 3.8. Blue line representing the middle slope.

An example of this behaviour is curve a) in figure 3.2, that consists of two slopes each

representing a different activation energy. The slope to the right, low temperature stage, is

equal to Uk and slope to the left, high temperature stage, is equal to w.

However a third slope between these two may come up as in the case of curves b) and
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c¢). This behavior is typical for materials, where the amount of radiation created vacan-
cies is larger than thermal equilibrium vacancies even at higher temperatures. This is a
consequence of U, being much larger than U,,;. In this case the exponential function of
Uy in 7 is non-negligible for intermediate temperatures. The slope in the middle part is
equal to M. Curve b) represents the case, when Ug(A) > Uy, whilst in curve c)
Ugr(A) < Uy, which results in a negative middle slope. Both of these curves are representing

a three stage temperature recovery.
As mentioned in section 3.2 T /T can be approximated to S/Sy for low fluences. This
allows to replace ¢; through y;=1-(T¢;/T¢o) in equation 3.8:

11 —Up(4) N

= K -e kTaq [f’UOi * T (]. - 6_7'1'

) foe €70 - A (3.10)

Yi  Yi—1
The activation energies can now be calculated using only isochronal annealing data, T¢; vs.
Ta;.

3.3 Upper critical field

Dependence of B.; on fluence n is represented by a complex curve and can be explained
based on the principles of the GLAG theory [32]. The expression for B, with Ginzburg-

Landau parameter x (=\1 /&), at the vicinity of T is:

B, = kV2B, (3.11)

To correctly define the development of x during irradiation, and therewith B, we must first
consider the purity of the sample. Introducing impurities into the lattice will cause scattering
of the electrons on the defects. The length between collisions is called the electron mean free
path [. Asis described in the GLAG theory, comparing [ with the coherence length &, (equal

to the size of the Cooper pair as defined in BCS) devides superconductors into two limits:
[ > &) — clean limit and [ <« & — dirty limit

In the dirty limit the scattering on defects has to be taken into consideration. The values
of & and Ay from the clean limit are replaced by the so called effective £ and A, these
are now dependent on the electron mean free path I: £ ~ /&l and A =~ A /& /l. The

effective Ginzburg-Landau parameter is hence: k =~ Ap/l. Gor'’kov Goodman introduces the
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dependencies of Ay and [ (7732 and y~2p~! respectively [10, 33]), and creates an equation

for the dirty limit that calculates the change in x with impurities:

Ii:lio—i-clﬁp s (312)

where kg is the value for x before irradiation, 7 is the linear electronic specific heat coefficient
(Sommerfeld coefficient), p is the normal state resistivity and C; is a constant. Normal state

resistivity based on the Drude model can be written as:

mxv

P= Fanal (3:13)

where m, v, e and n, are the mass, velocity, charge and charge density for an electron. GLAG

theory also defines the B¢ field from equation 3.11 with a constant Cy as follows:

T

Be = Cy % Te (1 - T—C) NG (3.14)

Setting equations 3.12 and 3.14 into 3.11 provides an equation for the upper critical field
in the dirty limit as defined by the GLAG theory:

T
Bes(dirty) = C3 x T (1 - T_c) vp (3.15)

Introducing defects into the lattice will cause [ to decrease, hence increase p, x and ultimately
B.. This however will be the case only for low fluences, where T .-change is very small. At
higher fluences, where T experiences a very steep decrease, the B,y increase caused by p
increase will be compensated by a decrease in B¢. At higher fluences B,y will decrease. This
behavior is captured in figure 3.3 based on Meier-Hirmer et al. measurements of V3Si crystals
[23]. The initial Heo increase, caused by Ginzburg Landau parameter increase, peaks around

the irradiation dose 10'¥cm—2. 2

The irradiation dose 10¥cm™2 coresponds to the threshold
dose for V3Si from figure 3.1 after which T rapidly decreases.
Since B, is temperature dependent, it is important to note that all of these predictions

are only valid in the vicinity of T¢.

3.4 Penetration depth

As discussed in the previous section 3.3 the effective penetration depth A in the dirty
limit based on the GLAG theory is definied as A ~ A;\/&/l. After the introduction of
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Figure 3.3: Upper critical field and Ginzburg-Landau parameter for V3Si crystals dependence on the irradi-
ation dose @ [23]

1

the dependencies of Az, [ and & (y~%/2,v72p~! and v T;' respectively [10]), the effective

penetration depth in the dirty limit is:

Adirty) = | 2 (3.16)
Tc

Introducing defects into the lattice will cause p to increase (eq. 3.13). T¢ as described in
section 3.2 will decrease with defects. These behaviors combined result in a A\ increase with

irradiation.

3.5 Ciritical current density

The shape of the curve representing dependence of the critical current density Jo on
fluence n is similar to the one of Bog, a curve with a peak. It raises up until a certain amount
of fluence and then starts to decrease. Based on the definition of J¢ (section 2.2) a correlation
between Bgo and Jo is obvious. The occurrence of the point, where the parameters start
to decrease, at approximately the same fluence for both Bos and Jo supported the idea of
Parkin and Snead that the Jo behavior is mainly influenced by Beo changes [34]. However
later studies by Kiipfer et al. revealed that the main influence might actually be the number
of defects created in the sample, giving raise to a pinning force, especially for the behavior
around the peak (low fluences) [35, 36].

Brown et al. [37] did a research, where Jo/Jco was plotted against fluence, where Jeq
is the critical current of the unirradiated sample. The critical current density was measured
always at the same temperature, but at different applied magnetic fields B. These measure-

ments resulted in Jo/Jeo values being higher for higher applied magnetic fields, with the
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difference most obvious in the point of the peak. This high sensitivity of Jo/Jco to the
applied magnetic field is a demonstration of the pinning force having a big contribution in
the behaviour of Jo with fluence.

To summarize, the initial J¢ increase with fluence is due to increased number of pinning
centers and increase in Bgo, whilst saturation and decrease of Jo is due to saturation in

pinning and decrease of Bes.
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4 Experimental methods

The following sections describe the experiment execution and the methods with which

the structural and superconducting parameters were obtained from raw data.

4.1 Sample preparation and description

Samples used in this thesis were two bulk NbsSn plates provided by Tiziana Spina and
René Fliikiger from CERN. The samples were prepared using the HIP (Hot Isostatic Pres-
sure) process, that is used to reduce the porosity of the processed materials. They were
created from a mixture of Nb and Sn powders, with a mass ratio chosen to give raise to
a 24.8 at. % composition. As can be seen on the NbsSn phase diagrams, the composition
rate was deliberately chosen lower than 25 at. % to lower the risk of creating the two phase
NbsSn + NbgSnj regions. The HIP treatment subjects the mixed powder to an elevated
temperature and gas pressure from all directions (hence isostatic) inside a vessel. The sam-
ples were HIP treated at the temperature of 1250° C at 2 kbar Argon pressure. The created
NbsSn block was next cut to two thin plates by spark erosion and finally polished to the
dimensions 2.5x2.5x0.6 mm. An exact description of this process can be found in the work

of Tiziana Spina [41].

From the two plate samples, one sample was being studied in its bulk form, the other
sample was pulverized. The pulverized sample was mixed with a silicon standard powder,
to be used as a scale for the X-ray measurements, and enclosed in a quartz tube in vacuum.
Both samples are displayed in figure 4.1.

The effect of neutron radiation on T, Beo and Jo was studied on the bulk sample and
afterwards the effect of post-radiation annealing on the same set of parameters. The pul-
verized sample was specifically used for x-ray measurements, to gain information about the
lattice parameter and its change with the post-radiation annealing. The pulverized sample
was also used for a study of the penetration depth A, that can not be performed on bulk
samples. Beo and Jo measurements were not performed on the pulverized sample, since high
magnetic fields, fundamental for these measurements, cause movement in the fine powder,

and thus inaccuracy in the data.

The bulk sample cracked into multiple pieces during the annealing process at 500°C.

After this crack occurred, the sample was cleared of all lose pieces and used for the following
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Figure 4.1: Nb3Sn samples: a) bulk sample after 500°C anneal with visible oxidation and changed geometry
from original square of 2.5x2.5 mm ; b) bulk sample after 550°C anneal enclosed in vacuum with a larger
piece in the upper part of the quartz tube; ¢) powder sample with Si standard under vacuum in quartz tube

measurement and for the next annealing step at 550°C (figure 4.1 a)), however this lead to
more cracking. The sample had to be enclosed into a quartz tube in vacuum, similarly as
the powder sample. The bulk sample now consisted of one larger piece and multiple smaller
pieces (figure 4.1 b)). This made the measurement of the effect of annealing on J¢ impossible,
since the exact sample dimensions are needed for the Jo calculation.

The cracking is suspected to be due to oxidation of the sample. Oxidation was visually
seen on the samples surface, as well as in the X-ray measurements on the powdered sample,
leading up to 4.9% Niobium Oxide after the 750°C anneal and 9.5% after the 850°C anneal.

Further cracking did not occur after the sample was enclosed in vacuum.

For the penetration depth calculation the exact grain size distribution for the powder
sample was required. This was done through direct measurements of the powder on a scan-
ning electron micrograph (SEM). The SEM device used was the FEI Quanta 250 FEG at
the USTEM department of TU Wien operated with the help of Dipl.-Ing. Stephan Pfeiffer.
An example of the obtained image is shown in figure 4.2.

The image processing program ImageJ was used to analyse the grain radii of Nb3Sn from
multiple obtained images. The resulting histogram (figure 4.2) has a peak at radius r=1.24um
and a tail reaching r=70.55pum . It was unsuccessfully fitted to Log-normal and Weibull
distributions that are known to be good representations of the particle size distributions. The
fitted distributions were not capable of correctly simulating the exact shape of the measured
histogram, neither predict the long tail of the histogram. This might be a result of an uneven
grinding process. As a result of this observation actual measured count of individual radii

was used for penetration depth calculations, rather than a fitted distribution.
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Figure 4.2: SEM image of the powder sample. The lighter grey grains are Nb3Sn grains, whilst the darker
grains are Si grains. On the right is the resulting histogram of the radius r. The long tail of the histogram
reaching the radius 70.55 pm is not shown. Two fits of the histogram are also included. The solid line is
representing in a) the Log-normal distribution and in b) the Weibull distribution

4.2 Irradiation and annealing process

The samples inside quartz tubes were placed in aluminum irradiation capsules and irradi-
ated in the TRIGA Mark-II reactor at the Atominstitut Wien pictured in figure 4.3 a). The
samples were irradiated with high energy (E>0.1 MeV) neutrons. Both samples were irradi-
ated multiple times with measurements of superconducting properties in between irradiation
steps. The final fluence (neutrons per unit area) for either sample after each irradiation step
is to be found in table 2 left. The most dominant source of radiation is the *Sn with a half
life of 115 days.

Figure 4.3: Equipment for irradiation and annealing: a) TRIGA Mark-II reactor at the Atominstitut Wien;
b) Thermo Scientific Laboratory chamber furnace

Annealing was performed in a chamber furnace from Thermo Scientific pictured in figure
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4.3 b). Samples were annealed at annealing temperatures T 4, starting at 300°C temperature
all the way up to 900°C with a 50°C step size. The samples were kept at T 4 for one hour
and afterwards taken out from the furnace to cool down in room temperature. The time for
the furnace to reach T, differed for individual T 4 values and a listing of these time periods

can be found in table 2 right.

St Fluence [n/cm?]
e
p Bulk sample ‘ Powder sample - -
. Time to achieve
1. 9.38 101 3.33 1077 Ta [°C] T, [min]
2. 3.93 10 8.31 10'7
3 565 1077 — 300 - 650 80
4' 6'57 o7 700 -750 85
5. 9.38 107 — 500 %0
" 27 1018 850 - 900 100
7. 1.77 108 —

Table 2: Left: Fluence for each irradiation step and sample; Right: Time to achieve annealing temperature
T 4 for individual annealing temperatures

4.3 X-ray diffraction

After the final irradiation step on the powder sample, the powder sample was divided
into three parts. One part was saved in the isotope warehouse of the Atominstitut, another
part stayed at the Atominstitut Wien and underwent SQUID measurements after each step
of annealing in the furnace, and the last part was carried to the X-ray center Wien. Here
XRD-images are obtained using the non-ambient powder diffractometer. These images are
further used to calculate structure dependent parameters, for example the lattice parameter
ag. The results for the silicon standard powder mixed inside the Nb3Sn powder is used for
scale. The measurements were performed by DI Werner Artner using the PANalytical XPert
Pro MPD X-ray diffractometer and the results were analysed by Dipl. Dr. Klaudia Hradil.

A non-ambient diffractometer allows the sample to be annealed directly inside the diffrac-
tometer. The annealing process performed on the sample in Atominstitut Wien is recreated
in the diffractometer with a XRD measurement after each step. This means annealing from
300°C to 900°C with a 50°C step size. During the first attempt of this measurement the
XRD measurements were performed after each anneal step at the temperature T 4-100°C

instead of waiting for the sample to be always cooled down to the same temperature. This
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lead to the resulting lattice parameter undergoing a different lattice expansion after each
further anneal step. The lattice change that is only due to post-radiation annealing had to
be estimated by subtracting the change in lattice corresponding to thermal expansion. An
improved measurement on a not yet annealed irradiated sample saved in the warehouse is in

discussion.

4.4 SQUID MPMS

The Quantum design MPMS (Magnetic property measurement system) can detect the
magnetic moment of samples to gain information about T¢s, Beo, Jo and A. The main
part of the MPMS is a SQUID (superconducting quantum interference device), the source
of the instruments remarkable sensitivity to magnetic fields. The high sensitivity enables
to measure very small sample sizes which is of big importance working with radioactive
samples. More information on the operation of the SQUID can be found in Appendix B.
The Quantum design MPMS assembly is described in figure 4.5 [42].

The sample is attached to the sample rod and installed inside the MPMS. Inside the
MPMS the sample is surrounded by detection coils and a superconducting solenoid that
can produce DC magnetic fields up to 7 Tesla. The SQUID in the MPMS does not directly
measure the magnetic field of the sample, instead the sample moves across the detection coils
which are connected to the SQUID placed outside of the superconducting solenoid. As the
magnetic sample moves through the detection coils, electric current is induced in them and
passed with zero loss through superconducting wires towards and through the well shielded
SQUID. In this scenario the SQUID functions as a current to voltage converter. Any change
in current is captured by a change in voltage, and a change in current is coupled to the

magnetic moment of the sample.

N

]

0RO TN

=

SQUID Voltage (V)

IS
N}

Figure 4.4: Second order gradiometer SQUID response curve [42]
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Figure 4.5: Quantum design MPMS XL: 1. Helium cryostat, 2. Sample rod, 3. Standard sample transport,
4. Airlock, 5. Superconducting solenoid, 6. SQUID, 7. Second order gradiometer [42]

The detection coils are three coils configured as a second order gradiometer. Upper coil
is a single turn clockwise, followed by the middle coil with two turns anticlockwise, and the
bottom coil is a single turn clockwise. The second order gradiometer is used to reduce noise
caused by the fluctuations in the outside magnetic field. The voltage is then measured as a
function of the position of the sample towards the coils. The final curve is then fitted to a
typical second order gradiometer response curve (figure 4.4). The magnitude of this curve is
proportional to the magnetic moment. The sample is moved through the coils automatically
using the standard sample transport.

Since the superconducting solenoid, the detection coils and the SQUID all require very
low temperatures to function, the whole system is placed inside a Helium cryostat and held
airtight by purging the sample space before it is inserted into the cryostat.

The MPMS was also used with a RSO (reciprocating sample option) attachment. This
attachment can replace the standard sample transport. Whilst the standard sample trans-
port moves the sample in discrete steps through the full length of the detection coils, RSO
oscillates the sample using a servo motor over a small region (2 mm) at the most linear part
of the second order gradiometer response curve (the maximum slope- figure 4.4). The RSO
measurement is fast compared to the standard sample transport measurement, which then

allows more averaging and better magnet noise rejection.
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Another useful option of the MPMS is to perform measurements using an oscillating AC-
magnetic field. A copper coil placed between the detection coils and the superconducting
solenoid can produce an alternating magnetic field with a frequency from 0.01 Hz to 1kHz.
The measured response of the sample to the AC field is of the form : m = m’cos(wt) +
m”sin(wt). m’ corresponds to the magnetic moment created through magnetization with
the AC field (in literature often referred to as AC susceptibility)and m” corresponds to the
energy dissipation in the sample. The AC measurement of a sample is a two part process.
The first part with the sample placed in the bottom coil calculates a nulling waveform to
cancel all SQUID responses to AC signals, including the sample signal. The second part of
the measurement, with the sample placed in the middle coil, measures a SQUID response
and applies the nulling waveform. AC magnetic field signals are removed. Since the sample
signal doubles and changes polarity when moved to the middle coil, the now measured signal
is the by three-fold enhanced AC magnetic moment of the sample. AC measurements have

a high noise rejection and offer high accuracy measurements [43].

The type of MPMS measurement used to collect individual data is presented in the next

sections.

4.4.1 Critical Temperature

The critical temperature T for both, bulk and powder sample, was obtained through AC
measurements with a zero DC field applied. The alternating magnetic field was set to have
a 33 Hz frequency and a 30T amplitude. The AC magnetic moment was measured from
temperatures below critical temperature upwards. Theoretically at T=T¢ the transition
to normal state takes place and the magnetization rapidly changes from its initial value
to zero. In reality the transition has a specific transition width AT and the value for T¢
has to be estimated using a favorable method. In the present work Ts was estimated
using the 10% method and the onset method. The 10% method determines Tg)% as the
temperature where the AC magnetization m’ attains 10% of the m’ value at 5K. The difference
between temperatures at the 10% value and the 90% value is further determined as the
transition width AT. The onset method determines T as the temperature where the AC
magnetization m’ first crosses the m’=0 line. The graphical representation of both methods
can be found in figure 4.6. The temperature step during the AC measurement was 0.01K for

the bulk sample, and 0.05K for the powder sample at the vicinity of T¢.
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Figure 4.6: AC measurement result for the unirradiated powder sample and a graphical representation of
the two T estimation methods. The two graphs on the right are close-ups of the individual crossings. The
results in this case are TZ*¢*=17.9684 and Tg)%:17.8648.

4.4.2 Upper critical field

The upper critical field Boo(T) was only obtained for the bulk sample. Higher fields
applied to powder would cause movement during measurement, which is unacceptable. The
Beo(T) of the bulk sample was obtained through AC measurements starting at DC fields
above the expected region of Beo(T) and moving on downwards. At B=Bgo(T) the transition
from normal to superconducting phase takes place and the m’ value goes from zero to a
specific saturated value. Beo(T) was measured for temperatures from 14.5K to 17.5K with
a 0.5K step. During these measurements the alternating magnetic field was set to 10Hz
frequency and 395uT amplitude.

The results following the cracking of the bulk sample into multiple pieces at 550°C came
back with a lot of noise, making it impossible to read out the saturated value for m’. Boo(T)
could only be estimated using an onset method henceforth. The onset method determines

B2y (T) as the magnetic field where the AC magnetization m’ first crosses the m’=0 line.

Beo is temperature dependent. To obtain results at T=0K, as well as the complete
temperature development, one must perform a fit procedure to the measured data at 14.5K
to 17.5K. Maki and De Gennes (MDG) derived a microscopic description for the temperature
dependence in the dirty limit [44, 45]. The normalized form of MDG relation can be written

as:
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Beal?) = Bes0)1 - (1) | (1)

The power « from recent measurements [46] is calculated to be of the value 1.52. Werthamer,
Helfand and Hohenberg (WHH) derived a description for the temperature dependence from
the Gor’kov theory taking into account the effects of electron-spin and spin-orbital scattering
[47]:

Beo(T) = h*(t) (_d5;2>T_T Te | (4.2)

where h*(t) is a function dependent on the paramagnetic limitation parameter o and t is the
reduced temperate T/T¢. The paramagnetic limitation parameter « is equal to zero when no
paramagnetic limiting is present. Pauli paramagnetic limiting is the depression of the upper
critical field as a consequence of the difference between the normal and superconducting
magnetic susceptibility. For other values of «, the depression of the upper critical field can

be calculated as follows [45]:

_ Beo(a=0)Bp
V/2B%,(a =0) + B2
where Bp is the Pauli limiting field. For NbsSn specifically Orlando et al. [48] calculated the
Pauli limiting field to be as big as 94T. Compared to the much smaller upper critical field of
NbsSn with values around 24.5T, the equation 4.3 can be reduced to Beo(a) &~ Beo(a = 0)

Bea () (4.3)

and establishes an absence of the paramagnetic limiting in NbsSn. Without the limiting,
h*(0) was computed to be equal to 0.693 [47]. The zero temperature upper critical field can
then be calculated from the WHH relation as follows:

B
Bes(0) = 0.693 (—d 02) T . (4.4)
Ty

The WHH relation utilizes the slope of Bgo in the vicinity of T to caculate its zero tem-
perature value. Substituting the derivative of Beg as defined by the GLAG theory (equation
3.15) into equation 4.4, we obtain : Be(0)=0.693 B (T) [1 - %];%TC. The biggest differ-
ence between WHH and MDG relation is therefore the power of T/T¢ a. At T/T¢ —1 the
caused difference between the two relations on Beo(0) is negligible. The MDG relation is a

good first approximation to the WHH theory for NbsSn.
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4.4.3 Penetration depth

The penetration depth A was only obtained for the powder sample, since it is difficult
to obtain A by measurement on large specimen. The used data is the same as was used to
estimate T, AC measurements with a zero DC field applied, starting at 5K and measuring
to 18K.

The magnetic moment is defined as m=Hg.x.V, where x is the magnetic susceptibility
and V the volume of the measured sample. Shoenberg formulated an equation for the total
magnetic moment of a powder sample by summing over all grains with radius a as follows

[49]:

m = H Z Xmaw,nvnf()‘/an) ) (4'5)

where X,nqz is the susceptibility value for an ideally diamagnetic grain (A=0) and the function
f(A/ay) is equal t0 Xeff/Xmaz- The function is calculated by solving the electro magnetic
wave function inside and outside of the grain and matching the solutions at the interface.
Both Xmae and f(A/a,) depend on the size and shape of the grains. For spherical particles
they are

3\ a 3)\2>

mazx = —3/8 d A =|1— —coth— + —
X /81 and f(\/a) ( aCO —|—a2

: (4.6)

After substituting 4.6 into 4.5 and introducing the volume of a sphere, the AC magnetic

moment for a powder with spherical shaped grains can be fitted with:

Hya? 3\ a, 3\

n

This equation is often averaged over a grain size distribution. In section 4.1 attempts to ob-
tain a satisfactory grain size distribution are shown with negative results, instead summation
through individual measured radii multiplied with a variable N is applied.

Shoenberg studied closely the relationship between the AC magnetic moment and the
grain shape. He gave solutions of f(\/a,) for not only spheres, but also for long rods and
plates. The limits he found for very small grain sizes and for large grain sizes are summed

in table 3.
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Orientation f(\/a)=f(x)
to field Hy | Large grains | Small grains
Sphere any 1-3x 1/(152?)
Long rod | or L 1-2x 1/(8x%)
Plate | 1-x 1/(3x?)

Table 3: Limits of the f function. x is defined as A/a. In case of the sphere and long rod a is radius. In case
of the plate 2*a is the thickness of the plate.

For the sphere the veracity of table 3 can be quickly rechecked by developing the coth in
equation 4.6 into a Taylor series. Similar equations to 4.6 leading up to the other mentioned
limits can be found for the long rod and plate. From the equations in table 3 we can deduct,
that the detailed form of the penetration can best be recovered from measurements on small
grains. Whilst a small error in the measurement of m for large grains leads to large errors in
A, for small grains the errors simply correspond to errors in scaling. Scaling errors are errors
caused by uncertainties about shape, size and orientation of grains. The best size for the
grains is not much larger than the zero temperature penetration depth, but not too small
to lose sensitivity. Waldram et al. [50] discovered that for small grain sizes the theoretical
result of \ obtained from 4.7, calculated for spheres, agrees well with the result for long rods,
if we reduce the radius of spheres by (15/8)'/2 and by (15/3)'/2 for plates. This procedure
was integrated into the final fit of AC magnetic moment to account for the different shapes

present in the powder.

The penetration depth is temperature dependent and to gain information about A(0) a
proper relation describing the temperature development of A must be applied.

Daunt et al. suggested a development based on the two-fluid model [51]. In this model
the function W (t) describes the number density of superconducting particles divided by the
number density of all particles (ng/n), whilst 1 — W (¢) describes the number density of
normal conducting particles divided by the number density of all particles (ny/n). In the
two fluid model W(t) is equal to (1-t*).

The pentration depth is defined based on the London’s equations as follows:

Mﬂ:MmZé‘ (4.8)

Substituting ng in equation 4.8 with nW (t) and taking into considering that at T=0
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ng = n, the empirical two-fluid equation can be written as:
MT) = A0)/(1 =142, (4.9)

where t is the reduced temperature T/T¢. Despite the fact that the two-fluid model lacks
microscopic description of the superconducting behavior, the equation fits quite well with
experimental data, although not perfectly. Since the equation provides a quick useful esti-
mation of A(T), attempts were made to adapt the two fluid equation to results that were

calculated using the BCS theory. The fit function had the form :
AMT) = A0)(1 —t7)? (4.10)

For s-wave superconductors, as is the case of Nb3Sn, the best fit was achieved with p=2 and
q=-0.5 [52].

However the energy gap is not considered in any of these previous formulas. The energy
gap is fundamental for microscopic description and the BCS theory. Bonn et al. suggested

a formula that takes the energy gap into consideration with [53]:
MT) = \0)(1 — 371712 (4.11)
This formulation is the closest approximation to the BCS theory.

4.4.4 Critical current density

The critical current density Jo was obtained for the bulk sample from RSO measurements.
The sample oscillated with a frequency of 4Hz over a 2mm region. After the sample broke into
pieces at 550°C a switch to DC measurements was made. Two quadrants of a magnetization
hysteresis, from 0.1 to 6.5 T and back to 0.1 T, were measured with a 0.1T step, and at two
temperatures, 15 and 14K.

The magnetic moment in a hysteresis is called the irreversible magnetic moment m,,., and

can be calculated through:

My (H) = (4.12)

where myge. is the magnetic moment measured during decreasing applied field and m;,.. is the

magnetic moment measured during increasing applied field.
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The relation between Jo and the magnetization hysteresis is based on approximations
made in the Bean critical state model [54]. A large hysteresis behavior in the magnetic mo-
ment of type II superconductors led Bean to study the theory behind this phenomena. Based
on in that time not yet confirmed theory by A.A. Abrikosov, that predicted magnetically
quantized vortices to penetrate the sample in type II superconductors, Bean introduced a
model of his own, the Bean critical state model. This model similarly to Abrikosov model
accepted penetration of the magnetic field, but not in form of vortices. The model assumes
that there exists a maximum current density Jo(H) and the shielding current density can

only either be equal to +J¢ or 0.

H=H*/2

N
D—F:q
AX

Figure 4.7: Field gradients in a sample of thickness D as a response to different applied fields and their
penetration depth Ax [54]

Let us consider a 2D sample in the shape of a rectangle laying in the zx-plane and a
magnetic field H in the z-direction (figure 4.7). To shield the sample from the magnetic
field a current starts to flow in the y-direction. Based on Amperes law a flowing current
density in the y direction will give raise to a field gradient: poJ, = 0B,/0x. According
to Bean the field gradient has to be constant, because J,=Jc=const. The depth of the
penetration Az = H/Jo grows with H. At the field H*=Jc D/2 the penetration depth reaches
reaches the middle of the sample. For fields H>H* the sample field can be approximated
as Hggmp(z) = H — H*(1 — 22/D). Considering that there is no demagnetization field,

the following equations summarize how to calculate the magnetization M for this particular

sample:
—D/2
B fps Heamp dz
M=B/p—-H ; —= /70/2
Ho fD/2 dx
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D2 114
H*(1—-2x/D)dx H* J.D
Jops 5 = :CT for H> H* (4.13)

The magnetic moment measured by MPMS is then simply the magnetization M multiplied

M =

by the volume V of the sample.
In the present work the used sample is a 3D block. In this case, the correlation of two
dimensions, a and b in x and y direction, replace the dimension D. The final equation for

the measured magnetic moment is

Je(H) b(1 — b/3a)
4

Mirr (H) = V' for a>b and the ab-plane is perpendicular to H (4.14)

It is important to note that the equation 4.14 is only valid for applied fields higher than
H*. Dimensions of the sample in mm-region ensure the equation 4.14 to be valid already for

1073T applied magnetic field.

Bean critical state model is able to explain the hysteresis behavior in the magnetic mo-
ment, hinting to the models general correctness. Reversal of the applied field causes reversal
of Jo starting from the edges of the sample inwards. The condition of a constant field gra-
dient traps the sample magnetic field Hgg,yy inside the sample even at H=0, and leads to a
non zero magnetic moment.

Combining the Bean critical state model and A.A. Abrikosov model leads us to an abso-
lute model. In this model the field gradient predicted in Bean critical state model is created
by pinning the vortices on pinning centers starting near the surface. The strength with which

the vortices are pinned down is the flux pinning force.

The magnetic hysteresis of type II superconductors may experience the so called flux
jumps, where the magnetic moment suddenly drops towards zero (in fig. 4.8 m for T=14K).
Flux jumps occur when at specific conditions the magnetic flux abruptly breaks inside the
superconductor, causing the superconductors temperature to raise. This causes the critical
current density to decrease, allowing even more magnetic flux to enter and increase the

temperature. The resulting avalanche process induces the visible flux jump [55].
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irradiated sample with n=17.7 10*17 n/cm*2

m [emu]

— T=14K
34 — T=15K

Figure 4.8: Flux jumps occuring in the magnetic hysteresis of a sample irradiated with the fluence n=17.7
10'7 n/cm?

The occurrence of flux jumps is depended on temperature, sample size and magnetic
field sweep rate. Flux jumps occur more often at lower temperatures, bigger sample sizes
and high magnetic field sweep rates. To be able to properly diagnose data from hysteresis

measurements using equation 4.14 a suppression of the flux jumps is important.

The shape of the hysteresis for unirradiated samples starts with a certain magnetic mo-
ment that is then deceased to zero with applied magnetic field. Defects in the sample
influence the shape of this hysteresis. The typical shape of the hysteresis for Nb3Sn bulk
superconductors with defects is the fish-tail shape (in fig. 4.8 m for T=15K). Magnetic
moment decreases until a local minimum is reached, starts to increase until a maximum is
reached, and afterwards finally deceases to zero. The fishtail shape was correlated to an
order-disorder transition of the vortex lattice [56]. At low applied fields the vortex lattice is
regular, with the vortices in a triangular shaped mesh. As the applied field is being raised a
better adaptation of the vortices on the defect structure is reached, the density of irregular
areas in the vortex lattice and the critical current density raise. As the number of defects

raises the maximum of the fish-tail is shifted to lower applied magnetic fields [57].
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5 Results and discussion

The results obtained from the measurements are discussed in the following sections.
The SQUID measurements performed after each irradiation step on the bulk sample were
performed by Dipl.Ing. Dr. Thomas Baumgartner prior to the start of this thesis. Gratitude
is expressed for the allowance to use this data. Their interpretation and measurements after
all annealing steps, as well as all the measurements on the powder sample, were performed

by the present author.

5.1 X-ray diffraction

Even after a careful selection of the composition rate to rule out the risk of creating second
phase regions, the X-ray measurements showed the existence of a possible second phase with
a strongest reflection at 20 = 43°. As shown in figure 5.1, this peak can either correspond
to the intermetallic phase NbgSns or to the NbO oxide [58]. Regions containing one or the
other can be considered as additional impurities and will have an influence especially on the
flux pinning force.

Caused by the annealing process the amount of NbO in the sample was raised up to 9.5%

of the sample mass after the last anneal step.

3

[y ]

Counts (x 10°)

o

Figure 5.1: XRD pattern for different possible phases and oxides [58]
The lattice parameter ag of the unirradiated powder sample was meassured to be 5.291882

A. After irradiation with the fluence of 8.31 10'7 n/cm?, the lattice parameter raised to

5.292583 A. This is a 0.013% increase.
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The annealing experiments were performed with a methodological error. The XRD mea-
surements were performed after each anneal step at the temperature T 4-100°C instead of
waiting for the sample to be cooled down to the same temperature. This lead to the resulting
lattice parameter undergoing a different lattice expansion after each further anneal step. The

thermal lattice expansion for Nb3Sn has been calculated using the following expression [59] :

AL —0.187 + 5.490 * 1074 % T +3.296 % 1077 % T? — 8.261 % 10711 » T

L(T) 100 ’ (5.1)

where AL(= L(T)-L(293 K)) is the change in length relative to the room temperature length.
In figure 5.2 is shown the calculated change in length caused by the thermal expansion alone
and the total measured change in length for each individual XRD measuring temperature
(T 4-100°C). The difference between these two leaves us with the change in length caused by
post radiation annealing. The curve suggests the decrease of the lattice parameter. This is
in agreement with the expected behavior. The powder lattice parameter according to these
calculations drops bellow its original unirradiated value already in the first anneal step at
300°C and afterwards keeps decreasing. In the upcoming section T is shown to have a full
recovery at 350°C. According to these statements, the defects that are responsible for the ag
change are different from those that are responsible for T change (anti-site defects). These
new defects would have to have a very low activation energy. This however may be the result
of the application of a thermal expansion that is not well fitted for our two-phase sample.
This is supported by the fact, that after the final anneal step aq is equal to 5.275A, which is

unexpectedly low. Improved measurements at the same temperature are necessary.

0,04
—— Themal expansion
- Total
0,03 1 Post radiation annealing
0,02
— 0,01 B — — it
-l
<] 0,00
-0,01 4
-0,02 4
0,03 T T T T T T
100 200 300 400 500 600 700 800

T~ ]

Figure 5.2: Change in length at different temperatures with different causes
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5.2 Critical Temperature

Tg)% and T2 were derived from the data as described in section 4.4.1 for both samples.
The critical temperature change with fluence and annealing temperature can be found in
figure 5.3 obtained using the onset method and in figure 5.4 obtained using the 10% method.

Based on the plot a) in Appendix A, the measured T¢ was lower than the T¢ corre-
sponding to 24.8 Sn at. %. The unirradiated sample contains naturally (not created through
radiation) occurring defects, possibly regions of the measured second non superconducting
phase NbgSns or the oxide NbO.

The powder sample was exposed to the highest fluence of 8.31 10" n/cm?, which lead
to a less then 0.6% decrease in T¢. The bulk sample was exposed to the highest fluence of
1.77 10" n/cm?, which lead only to a less than 2% decrease in T¢. Both of the depressions
at the given fluences are lower than what was previously reported [12].

Upon annealing up until 900°C a full recovery of T took place for both samples. The
critical temperature T after the 900°C anneal shows even higher values than the T value
of the unirradiated sample. The behavior of the critical temperature during annealing was
observed to be very different for the bulk and powder sample.

T of the bulk sample increases very slowly up until 550°C and then increases rapidly.
T2set saturates around 700°C, whilst Tg)% saturates only around 850°C. Different saturation
temperature is simply a result of decrease in transition width AT, that will be addressed
later on.

T¢ increase of the powder sample at lower annealing temperatures is steeper than the
increase of the bulk sample, but does not experience any evident change in slope as the bulk
sample does at 550°C. TZ* saturates similarly to the bulk sample around 700°C, whilst
TH” has no visible saturation up until 900°C.

The following pages should give an insight into the different observed behavior upon an-

nealing in the two samples.

In section 3.2 methods were introduced to describe the To vs. n curve. A fit of the
measured curves was performed to the Pande equation (3.4) extended by the Aronin equation

(3.1):

e 5.2
T (5.2)

A two parameter fit (o and k) of this equation leads to inconclusive results, since both of
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Figure 5.3: T2"¢" of the bulk and powder sample as it is being changed with fluence and annealing temper-

ature

the parameters effect the fitted function in a similar manner. It is therefor necessary to
determinate one of the parameters with a separate method. If precise measurements of the
long rage order parameter S from the X-ray diffraction were available, it would be possible
to determinate k from Aronin. Due to the inconvenience of the transport of the radioactive
material to a different institution after each irradiation step, in the present work X-ray
diffraction was only performed after each anneal step, but not after each irradiation step
necessary to calculate k. For that reason, one of the parameters had to be taken from the
literature. The proportionality constant %k is highly dependent on the used radiation beam
energy and hence can not be taken from the literature. On the other hand the constant
« is independent of radiation and is a material constant. Shiota also stated that the most
accurate «, that could describe the full n range of T, is gained by fiting the Pande equation
to Tc at n=0 and a n value above 10'®n/cm? . The highest fluence of 1.77 10**n/cm? used in
the present work seems to not be causing high enough damages on the lattice and therefore
fitting « could lead to discrepancies. Retrieving « from the literature is a well considered
decision. According to Shiota « for Nb3Sn is around 5 + 1.6. For the purposes of this work
a was established to be 5. The one parameter fit of the extended Pande equation for all four
T¢ vs. n curves can be found in table 4.

Table 4 also contains results gained from fitting the Hahn equation 3.3 and Bett equation
3.2. For comparison k was calculated for Hahn and Bett with k& = 3/a. We observe that
indeed all three equations result in a very similuar k value, which can be ascribed to the

use of low fluences. The observed k is an order lower than the values reported in section
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Figure 5.4: TlcO% of the bulk and powder sample as it is being changed with fluence and annealing temperature

[10720 cm? /n]
Sample Curve ex. Pande eq. 5.2 Hahn eq. 3.3 Bett eq. 3.2
k B ok || B | &
Bulk Taset v, n 0.1753 0.87545 | 0.17509 || 0.87013 | 0.174026
TY% vs. n 0.19928 0.99507 | 0.19901 || 0.98856 | 0.19771
Powder Taset v, n 0.16933 0.84604 | 0.16921 || 0.84313 | 0.16863
TH% vs. n 0.11032 0.55138 | 0.11028 || 0.55023 | 0.11005

Table 4: Propotionality constant k obtained by fitting the extended Pande equation, Hahn equation and
Bett equation.
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Figure 5.5: TZ"¢ related to the long range order parameter S

3.1. The radiation source in the present work is causing less damage to the sample, less
replacements per knock-on, than the radiation sources used in the references [12] and leads
to lower decrease of T at the same fluence values.

Based on the assumption that the proportionality constant k could also be geometry
dependent, from this moment on we will assume different values for the powder and bulk
sample: kpur=0.18729 1072° cm? /n and kpowder=0.13983 1072° ¢cm? /n. These values are the
average of the onset and 10% result of the extended Pande equation. Aronin equation 3.1
with the new k values will now be able to assign S to different Ty values. The resulting
curves are visible in figure 5.5.

The powder sample does not have enough points to do so, but in the case of the bulk
sample the S-T¢ relationship can be fitted though a simple straight line. This line is a tool
to assign the T values after annealing at different annealing temperatures to the long range
order parameter. Plotting the resulting S against annealing temperatures should give us an
insight of how the S parameter changes during annealing (figure 5.6).

Values of S above 1 responsible for T¢ higher than the initial unirradiated value hint
towards naturally (non-radiation induced) occurring defects in the sample, that got to be
annealed out during the annealing process.

A function describing the change in S with annealing temperature in the same manner
as the Aronin equation describes the change of S with fluence is still being searched for.
The equation is bound to be more complex, consisting of more parameters then just the

annealing temperature itself. This is evident from the non-identical behavior of T with
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Figure 5.6: Long range order parameter S as it is being changed during annealing on the bulk sample
annealing temperature for the bulk and powder sample. The parameters that could be part

of the equation, based on the results of the two samples, are the sample size and geometry

and the different final fluence resulting in different activation energy.

e Sample size and geometry
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A different T¢ recovery behavior for the bulk and powder sample could be explained
by their different surface areas. Considering that the radiation creates defects homo-
geneously throughout the sample, annealing of the defects could be happening from
the surface inwards. The higher surface area of the powder sample would then lead to
the mentioned quicker T recovery compared to the bulk sample. Observations of the
transition width AT support this theory. The transition width is subtracted from the
data as described in section 4.4.1 for both samples. The plot of the results devided by
ATy, the unirradiated sample transition width, is seen in figure 5.7. As described in
section 3.2, broadening of the transition width can uncover the existence of microre-
gions in the sample, where T¢ is different from the matrix. Looking at the present
results it can be concluded that the change in transition width upon radiation is in the
range of statistical error for both samples, hinting to homogeneously distributed de-
fects and no microegions. Upon annealing one can observe a large difference between
the behavior of the bulk and powder sample. Based on the present idea this could
be explained followingly: as annealing of the defects starts at the surface, this leads
to a difference in T between the surface and the inside of the bulk sample at lower

annealing temperatures. At higher temperatures annealing reaches the full scale of
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Figure 5.7: Transition width of the bulk and powder sample as it is being changed with fluence and annealing

temperature

the sample and the sample returns to a homogeneously distributed state. The powder
sample on the other hand indicates a homogeneously distributed state during its full
annealing process, because the small sample size allows the annealing process to reach

the inside of the sample even at low annealing temperatures.

e Fluence

The second idea explaining the different T recovery behavior for the bulk and powder
sample is an idea based on activation energies introduced by Dew-Hughes. Section
3.2.1 describes the process of estimating the activation energies from T¢ annealing
data based on the plot of the equation 3.10. Dew Hughes plotted the T annealing
data of two samples irradiated to two separate fluence values measured by Karkin et

al [31, 22]. The results are plotted together with the present data in figure 5.8.

All three samples result in a two stage recovery curve. Dew Hughes however analysed
the curves to be three stage curves of type b) from figure 3.2 with the low temperature
stage missing. He based the statement on the fact, that the stage on the right indicated
an activation energy around 0.6eV. This he claimed is too low to be only equal to the
energy Ugr(A), but very reasonable to correspond to the energy Ugr(A)-Up. Three
stage curves are typical for samples, where the count of initial vacancies is higher than
equilibrium vacancies even at high temperatures. This seems like a very likely situation
for irradiated samples. The idea is also supported by the plot of the bulk sample. Here
the slope of the stage on the right is negative, which can only happen in the middle
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Figure 5.8: Plot of equation 3.10 for the bulk sample (1.77 10*® n/cm?) and two samples measured by
Karkin et al. The different slopes are highlighted by simple straight lines inside the plot. These lines are
transferred on the right side to a single starting point for easier comparison. Upper slopes are slopes at
higher temperatures, lower slopes at lower temperatures.

temperature stage. The absence of the low temperature stage might be caused by

self-annealing during the irradiation process.

In figure 5.8, next to the plot, is a comparison of the slopes at higher and at lower
temperatures. They both indicate that exposure to lower fluence will lead to less steeper
slopes. A less steeper slope indicates lower activation energies and lower activation
energy indicates quicker T recovery. The reason why exposure to lower fluence results

in lower activation energies is not understood.

It should be noted that the samples in Karkin et al. [22] paper are described as
parallelepipeds, but the exact measurements are not given. This prevents us from
eliminating the possibility, that the different activation energy is actually only caused
by different sample size and not by different fluence. We can only deduct that the two
samples from Karkin et al. had the same size and these still indicate different activation
energies. For the sake of this model we will consider it a fact, that the geometry is not

a decisive parameter in the magnitude of the activation energy.

The powder sample was irradiated to a lower fluence than the bulk sample and ac-

cording to this model the activation energies of the powder sample should be therefore
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Figure 5.9: Plot from figure 5.8 extended by the powder sample with n=8.31 107 n/cm?

lower. This would explain the quicker recovery in comparison to the bulk sample. A
plot of the equation 3.10 for the powder sample is shown in figure 5.9. Whilst the
middle stage still indicates lower activation energies than the activation energies for
the bulk sample, the high temperature stage seems to have exactly the same activa-
tion energy as the bulk sample. According to the definition of the slopes, either the
activation energy Uy, or U, is now higher for the powder sample than for the bulk

sample.

Annealing experiments on different shaped samples irradiated to the same fluence, or
same shaped samples irradiated to different fluences are fundamental to finding a correlation

between the annealing temperature and S.

5.3 Upper critical field

The upper critical field of the bulk sample was derived from the data as described in
section 4.4.2 for temperatures from 14.5K to 17.5K. These results were used to calculate the
zero temperature upper critical field using multiple methods.

First, the data was fitted to the Maki de Gennes equation 4.1 with two fit parameters,
Te and Beo(0). The results are plotted in figures 5.10 and 5.11. As explained in section 3.3

upon irradiation it is expected for the upper critical field Beoo to grow. This is a consequence
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Figure 5.10: The zero temperature upper critical field of the bulk sample as it is being changed with fluence
and annealing temperature, obtained by fitting the Maki de Gennes eq. 4.1

of the normal state resistivity growing faster than the critical temperature is dropping in
equation 3.15. Similar consideration explains the shape of the curve upon annealing. At low
annealing temperatures T growth is very subtle and the B¢ is dropping as the normal state
resistivity is being lowered. At 550°C T suddenly starts to grow more rapidly, causing the
Beo curve to shift to higher values, but the curve still drops with the dropping normal state
resistivity. Around 800°C, when the T is saturated and Tg)% slows down in its growth,
Beo experiences a rapid decrease with normal state resistivity as the decrease is no longer
being suppressed by the T growth. At 900°C the Bey value of the unirradiated sample is
completely recovered.

The critical temperatures obtained during the Maki de Gennes fit are compared in figure
5.11 with the shape of the Tg)% curve. It is concluded that their general shape is consistent.
Tlc()% is a better representation of the overall critical temperature of the entire sample than
Tonset,

In the second method, the WHH equation 4.4 utilizes the slope of Bgo in the vincinity
of Te. In order to calculate this slope from the measured data, the data was fitted to a
straight robust line: Beo(T' S Te)=m T+ b, with m representing the slope (dBco/dT)r<1,
and b the intercept. The upper critical field is zero for T=T¢ and therefore Tc= — b/m.
The WHH equation can now be written as: Beo(0) = —0.693 m T = 0.693 b. Be2(0) was
also calculated using the WHH equation and m for T¢ = Tg)%, as Tlc?% seems to be a good
representation of the critical temperature of the entire sample.

The straight robust line fit in the vincinity of T¢ is a very big approximation, especially
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Figure 5.11: The critical temperature of the bulk sample as it is being changed with the annealing temper-

ature, obtained by fitting the Maki de Gennes eq. 4.1

when fitting Beo data for 17.5K all the way down to 14.5K. More accurate results can be
achieved by substituting the slope in the more general WHH equation 4.2 by the slope from

equation 4.4:

T 0 63

By fitting the numerically calculated values of h*(t) from the WHH paper [47], Baumgartner

Beo(T) =

found the following description of the h*(t) equation [36]:
R*(t) =1—1—0.153(1 —)? = 0.152(1 — t)*; t=T/T¢ (5.4)

In the vicinity of T the function h*(t) can be approximated to 1 - t and equation 5.3 can

then be written as :

_ Bea(0)  Bea(0) T
0.693 0.693 T

Comparing this to the straight robust line fit: Beo(T < Te)=m T+ b, Bee(0) can be

Boo(T S Te) (5.5)

calculated from b as previously mentioned.

Fitting the data, especially so far away from T¢, to equation 5.3 with the non approxi-
mated form of h*(t) from eq. 5.4 should provide the most accurate results.

Recovered data using all these different methods can be seen in figure 5.12. The previously

described behavior of the curve in figure 5.10 is confirmed by the shape of all the other curves
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Figure 5.12: The zero temperature upper critical field of the bulk sample as it is being changed with fluence
and annealing temperature. Be2(0) was obtained using 4 different methods described in text.

as well. The measured critical temperature of the unirradiated sample corresponds according
to the plot a) in Appendix A to a 24.5-24.8 at.% Sn content. The upper critical field of the
unirradiated sample as read out from the plot b) in Appendix A for this Sn content predicts
values between 24.5 and 26.6 T at T=0K. None of the curves predict a value this high, but
fitting the WHH equation with the non approximated form of h*(t) (yellow curve) results in
a curve that is bigger in magnitude than the rest, with Beo(0) of the unirradiated sample

being 24.15 T. This curve might be the most accurate representation of Boo(0).

5.4 Penetration depth

The penetration depth of the bulk sample was obtained from the data as described in
section 4.4.3. The SQUID MPMS data was fitted to a slightly modified version of the function
4.7. In place of radius a,, were used values from the histogram presented in figure 4.2 and
the expression is multiplied through their individual count rates. Since the histogram is only

of a small portion of the sample, the summation has to be multiplied by a variable N.

m(T) = Z ey <1 _ 3@ coth—2 + SA(T)Q) * countn] N (5.6)

2 a, AT) a?

where n is now the summation through the bins of the histogram. Hj is equal to the
amplitude of the alternating magnetic field, 30uT or 23.93A/m. The penetration depth
A(T) in equation 5.6 can be substituted through one of the three equations (4.9 - 4.11) to
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Figure 5.13: The critical temperature of the bulk sample as it is being changed with the annealing temper-

ature, obtained by fitting the Maki de Gennes eq. 4.1

obtain information about the zero temperature .

For the Sn content 24.5-24.8 at.% corresponding to the measured T¢, the zero tempera-
ture penetration depth of the unirradiated sample according to plot d) in Appendix A should
be between 107 and 117 nm. No matter which of the equations (4.9 - 4.11) is used in the fit,
resulting value of A(0) is high above the mentioned values. The reason most probably being
a high number of large grains in the powder, and a broad diversity in the shape of the grains.
As mentioned in section 4.4.3, when using large grains in this measurement method, even
small deviations in m lead to large errors in A. For the diversity in shape can be accounted
for, but also only if small grains are present. The radius of grains contributes to m with a2,
so even a small number of large grains, that might not even be visible in the SEM image,
will have a large effect on m.

For further fitting procedures it was decided to use the equation 4.11 in place of A\(T) in
equation 5.6, as it should be the most accurate relation. This leads to a three parameter fit,
with the parameters A(0), T¢ and N. N, correlated to the amount of grains in the powder,
was left as a fitting parameter for all the steps of radiation and annealing, since the powder
clung to the sides of the quartz tube and the amount of grains that were being measured
changed. The results for the zero temperature A\ are displayed in figure 5.13.

In section 3.4 it was predicted for the A(0) to grow with fluence. This behaviour was
in fact observed. Upon annealing, A(0) should be dropping as a result of both the normal
state resistivity p and the reciprocal critical temperature 1/T¢ dropping. Instead, a step

wise growth until 600°C is observed.
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Figure 5.14: The critical temperature of the bulk sample as it is being changed with the annealing temper-
ature, obtained by fitting the Maki de Gennes eq. 4.1

A new fit was performed to account for the different shapes in the powder as suggested by
Waldram et al. [50] and described in section 4.4.3. This lead to even more fitting parameters,
since the exact number of spheres, rods and plates is unknown. The resulting curve of this
procedure is in figure 5.14.

The results are so different from the previous fit, that it can be only concluded that it
would be misleading to draw any kind of conclusion from these measurements. It has to
be stated that to be able to correctly assess A(0) from MPMS SQUID measurements in the
future, a sedimentation procedure to remove the large grains of the powder sample has to

be made beforehand.

5.5 Ciritical current density

The critical current density of the bulk sample was derived from the data as described
in section 4.4.4. The equation 4.14 was used to calculate Jo(H). This was done for all
radiation steps and annealing steps until 500°C annealing temperature. At higher annealing
temperatures, after the cracking occurred, it was not possible to calculate Jo(H), since the
exact sample dimensions are required, and these where no longer known for the pulverized
sample. For annealing temperatures above 500°C conclusions are drawn directly from the
hysteresis loops.

Most of the hysteresis at 14K had many flux jumps, therefor to calculate Jo the hysteresis

measured at 15K were used. The results are shown in figure 5.15. As described in section
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3.5, AlJ¢ is larger at low magnetic fields than at high magnetic fields, suggesting the critical
current density being affected by the changes in point pinning force and irradiation induced
defects acting as point pinning centers.

The insert in figure 5.15 is of Jo/Joo plotted against fluence and annealing temperature
at 0.3T applied field. The curve is increasing with fluence, but the described peak, after
which a decrease should take place, is not reached. At the highest fluence Jo is enhanced
by a factor of 29. Upon annealing Jo decreases abruptly and at 500°C declines 2/3 of
the radiation achieved enhancement. Comparing this to the change in T¢, where T until
500°C experienced only a slight recovery, predicts the existence of a new radiation induced
defect. Previously only the existence of anti-site defects responsible for change in T¢ were
discussed. These new defects effect pinning, but do not effect the critical temperature. They
are annealed out at low temperatures, hinting to defects with lower activation energy than
the anti-site defects.

The typical hysteresis shape for superconductors with defects, the fishtail shape, is re-
flected in the visible peak in Jo(H) curve. Interestingly this peak is already present in the
unirradiated sample around 4.4 T. This confirms the presence of the previously discussed
natural occurring defects. As the fluence grows and therewith the defect density, the po-
sition of the peak moves to lower magnetic fields, corresponding to theory in section 4.4.4.
The shift of the peak can be observed from hysteresis loops directly and its position can be
specified even for annealing temperatures above 500°C. Figure 5.16 shows the field at which
the peak occurs. The shape of this curve resembles the shape of T}/Q% from figure 5.4. This
is not surprising as both parameters, T¢ and the peak position, are effected by the defect
concentration. A slight difference between the two curves though can be observed. The peak
position seems to change more drastically at lower fluence than T169%, and the fast recovery
step of the peak position starts only around 700°C, unlike around 600°C as is the case for
Tg)%. This can be a consequence of a non-linear dependence of the peak position on the
defect concentration. The position is more sensitive to low defect densities than to high
defect densities.

In figure 5.4 T}?% at 750°C annealing temperature takes the same value as the unirra-
diated sample, however in figure 5.16 the field of the peak at 750°C is still way under the
value of the unirradiated sample. This suggests an occurrence of radiation induced defects

that do not affect T and have a higher activation energy than the anti-site defects.
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6 Conclusion

The most important results can be summarized as follows:

e The unirradiated sample contained defects. These were visible in the XRD images
and also confirmed through the effect they had on the critical temperature T¢ and
the critical current Jo. After annealing, T gained values above its unirradiated value
and closer to the clean Nb3Sn value, suggesting the defects being annealed out of the
sample. The fishtail peak of the hysteresis similarly moves to magnetic fields higher
than the fields for the unirradiated sample, however the existence of the peak at all
highlights that the sample is still not clean of all defects. Whilst T is effected by the
anti-site defects, critical current measurements hint to new defects with lower and with

higher activation energies than the activation energies of the anti-site defects.

e Different recovery pattern of the T through annealing for the bulk and powder sample

suggests a dependence on either the final fluence, the samples size or possibly both.

e The upper critical field after annealing was fully recovered to the value of the unirra-

diated sample and does not seem to be effected by the same defects as T¢ and Je.

e All changes on the superconducting properties caused by irradiation could be recovered

by annealing.

The next steps in the research of the effects of neutron irradiation on Nb3Sn should
include measurements on same sized samples irradiated with different fluences or different
shaped samples irradiated with the same fluence. During annealing the samples should be
sealed in vacuum from the beginning to avoid cracking and oxidation. The XRD images of
the annealing changes on the XRD pattern have to be performed at the same temperature
to avoid having to take the thermal expansion into account. These measurements could then
provide information not only about the lattice parameter, but also information about the
long range order lattice parameter S as well. The measurements of the penetration depth on
the powder sample should be tested again on a powder that has been through a sedimentation

process to avoid any larger grains.
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B SQUID

A SQUID consists of a superconducting ring with two Josephsons junctions (J.J.) as
pictured in figure B.1. As introduced in subsection 2.1.2, magnetic flux inside a supercon-
ducting ring ®;,, is quantized, meaning only an integer quantum can exist inside of the ring.
Plots a) and b) in figure B.1 can be therefor understood followingly: until the value for the
outside field reaches half a quantum, screening current J will screen the outside field from
the inside of the ring. After half a quantum is reached, it is energetically favorable to let the
outside field inside the ring and reverse the current J to create a field inside the ring that will
add up with the outside field to a full quantum. The current J changes direction every time
half a quantum is added, therefore the periodicity T is equal to one flux quantum. Plot c)
explains how this process effects the value of the critical current of the SQUID, considering
[4 to be the critical current of a single J.J. The J.J. is a very thin insulator layer (=~ 30 A)
that can pass supercurrent without resistance. Once the current is higher than its critical
value, a voltage appears. Plot d) shows the voltage of a SQUID that passes the current I.
The curve in plot d) is dependent on the value of the outside magnetic field. For a constant I
the voltage is periodic with changing flux as shown in plot e). Measuring a change in voltage
across the SQUID will give information about the change in magnetic flux. On the other

hand if the magnetic flux is constant a SQUID can be used as a current to voltage converter.

I (n®g)

Ie((n + 1/2)®y)

‘Du 'Pu ‘}‘I’LJ 20y ‘I’n ‘I’u “I’u 20,

Figure B.1: Left is a diagram of a SQUID where x represents the Josephsons junctions.
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