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1 Introduction

In this assignment the performance is studied of magnetic shields made from a combination of
two materials, a high- metal called CryoPerm and the superconductor Nb. These shields are needed
to create a low magnetic field environment for the proper functioning of detectors whose performance
depends on magnetic field. The shields are usually designed with the aid of numerical models.
However, in the design of high-performance shields the effect of remanence is of particular interest for
both high p metal and superconductors, since it can lead to field contributions that are difficult to
model. This assignment will be done in two parts. First an experimental validation of finite element
and analytical models of relatively complex shield structures is made, especially looking at the effect
of remanence compared to the model results. Second, we attempt to set up a model that describes flux
trapping in a superconductor while cooling through its transition temperature.

This assignment is carried out in collaboration with the Space Research Organisation Netherlands
(SRON) in the frame of the Principle Investigator Preparatory Programme (PPIP) “Magnetic shielding
of TES sensors for Athena/XMS and SPICA/Safari”. For these missions SRON will be using Transition
Edge Sensors (TES), for the X-ray spectrometer mounted in the ESA-led space-based Advanced
Telescope for High Energy Astrophysics [http://sci.esa.int/ixo/43937instruments] as well as in the far
infrared instrument SAFARI to be launched in the JAXA-led SPICA mission [http://www.ir.isas.jaxa.-
jp/SPICA/SPICA_HP/index_English.html]. TES detectors are versatile micro-calorimeters that use the
resistive transition between the superconducting and normal state to sense the heat deposited by a
photon. For this, they require low DC- and AC background magnetic fields (typically <1uT) because
these may cause broadening of the transition or instability [1].

The shield assembly proposed by SRON for ESA-Athena mission is shown in Figure 1.1. The
validation of this assembly was the direct motivation for this study.

X-ray entrance
Cryoperm shield @ 4K

Filter

Thermal shield @600mK

TES sensor array @50mK

Niobium shield @50mK

1%t stage readout @50mK
Thermal insulating

suspension
Electrical signal output

Figure 1.1 Proposed shield assembly for the RES in the Athena mission, with an inner Nb shield surrounded by a
CryoPerm one



In general magnetic shielding can be done in 3 ways. The first one is active shielding. Here the
background field is measured by a detector and cancelled out with a set of coils. This method is useful
for earth-based applications (e.g. SQUID-based medical systems) but it is too bulky and too heavy for
use in satellites. The second method is a p metal shield, made from a material with a high
permeability. The magnetization currents of such material force magnetic field lines towards the
perpendicular direction outside and towards the parallel direction inside an interface with a low-p
region of space [2]. This means that it kind of “absorbs” the magnetic field lines around it (Figure
1.2a) [3]. The basic principles of i metal shields are further explained in paragraph 1.1. The third
method is a superconducting shield. In the Meissner state, a superconducting material allows no
magnetic field inside, so it has a permeability of zero (Figure 1.2b). The basic principles of
superconducting shielding are further explained in paragraph 1.2.

High 1 metal Superconductor

(a) (b)

Figure 1.2 illustration permeability effect, black line magnetic field, (a) high p metal, (b) superconductor (source picture:
http://en.wikipedia.org/wiki/Meissner_effect)

1.1 p metal shield

1.1.1 Maxwell equations

To further explain p metals, we start from the Maxwell equations. The equations needed are
the relation between magnetic induction B and current density J (Ampere’s law equation (1a)) as well
as the relation between electric field E and magnetic field B (Faraday’s law equation (1b)). Both
equations are in an electrostatic system that means that no alternating electric field is present.

o] =V X B (1a)
dB
VXE - (1b)

Second, the magnetic induction B needs to be described in different parameters: the vector
potential A (equation (2)) and a combination of the field H and the magnetization M (equation (3)).

B=VxA )

B =u,(H+M) 3)



Equation (3) can be interpreted in terms of microscopic magnetic dipole moments. These
dipoles are facing random directions. If a sufficiently strong magnetic field H is imposed on a high-u
the material the dipoles will line up in the direction of the magnetic field and stay in that direction
even when the magnetic field is turned off (Figure 1.3). The average dipole density is called the
magnetization M of the material. The remaining magnetization once the field is turned off is called
remanence M.

N | T

/ |
N
/
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Figure 1.3 magnetization of a high p metal, the red arrows represent the small dipoles, the blue arrows represent the
applied magnetic field, a) net zero magnetization, b) magnetic field H applied, c) magnetization in direction of applied
field with no field present caused by remanence

Suppose a uniformly magnetized block which has magnetization M, in absence of an
externally applied field H. Combining this information with equations (1a) and equation (3) an
expression for J in terms of M, can be found.

Hol = VX B = oV x (H+M,) = VX My > ] =V x M, @
This can then be rewritten using Stokes’s theorem to:
K=Mxn (5)

Here K is a surface current. That means that each of the microscopic dipoles described before can be
seen as a rotating current around the dipole. If the dipole density is uniform, the magnetization of the
block can then be seen as a current over its surface (Figure 1.4).

Figure 1.4 magnetization depicted as current over the surface (source: D.).Griffiths, introduction to electrodynamics,
third edition)



1.1.2 High-p metal basic theory

A consequence of a high permeability is that the material has effectively no magnetic
induction parallel to its surface (B, ~ 0 just outside the surface).

To explain this an example is used: an interface between a p-metal and air is taken. This
interface is at z=0 with z>0 being p-metal and z<0 being air (Figure 1.5). To simplify things the
problem is taken to be 2D with the x axis parallel to the interface and the z axis perpendicular.

fl

Air

X
Figure 1.5 interface between a p metal and air
To solve this example equation (6.27) from [2] is used.
Bipove ~ Bhetow = Ho(K X 7) (6)

above
For this formula the surface current K needs to be known, which was previously determined to be
dependent on the magnetization M:

K=Mxn )
In this 2D system M and B have only x and z components and only the p-metal can be magnetized.
B =B X+ B,Z, M= M.x+ M,2 (7)

This is then used to solve the equations with the normal in the —z direction:
K=MxfA=(MXx+M,2) x —2=M,y

B!

above

- B|l|7elow = ”O(K X ﬁ) = ﬂO(ij\’ X _ZA) = _HOfo (8)

Now an expression for M as a function of B is needed. For that equation (3) is used in combination
with the relation between the magnetic field B and the field H.

By, B,
B=uyH ->H=—X+—Z
H1 H1
B
Bzyo(H+M)—>M=H——H 9)
0



Here ; is the permeability. To solve this the values need to be implemented of for the magnetic field
inside the p-metal:

B B B B B B B B
M=£f+£z“_<£5@+£z"> — (ﬁ_ﬁ)f_k(ﬁ_ﬁ)z"
Ko Uo 251 251 Uo 251 Uo 251 10
_ H1— Ho H1— Ho (10)
= By, X + By, z
HoM1 HUoM1

Now this is used to solve equation (6) with the parallel field in the x-direction.

I [ — o
Babove - Bbelow = —poMyX
= BoxX — B1xX = —poBix A= X = By MOM_ = X = By (% - 1>9?
1 1
N u
= BoxX = le_o (11)
H1

From this, it is concluded that how higher the permeability (u;) how lower the parallel
component of the magnetic field close to the surface. So with very high permeability, the parallel
component near the surface is almost zero (B = 0 just outside the surface). In chapter 2, we will see
how this requirement forms the basis for straight forward modelling high-p metal shields.

Another property of a high-p metal is the hysteresis relation between the magnetization M
inside the material and the external applied field H (Figure 1.6) [3]. This hysteresis is a consequence
of the remanence shown in Figure 1.3. If a material is taken which initially has no magnetization and a
field is applied its dipoles will start aligning in the direction of the field which in turn causes a net
magnetization M. Now lets increase the field until a maximum magnetization M; is reached. M is the
saturation magnetization, reached when all dipoles point in the direction of the external field. When in
this situation the field is turned off, most of the dipoles will stay aligned leading to the remanence M.,.
As the external field is made more negative, more and more dipoles will switch orientation until the
net magnetization becomes zero at H=-H,, the negative coercivity. Increasing the negative field further
eventually flips all dipoles and M becomes —M;. Reducing the amplitude of H from negative to zero
leads again to M=-M; This process thus creates a loop centered around M=0, H=0 but never reaching
its original initial state again (Figure 1.6).

Figure 1.6 hysteresis curve for magnetization M over field H of a high-p metal



The hysteresis curve and especially the remanent magnetization will be an important issue in
this assignment, since M, may cause a magnetic field as described in equation (3). This may cause a
magnetic field to be “frozen in” in a shield made of high-p metal.

1.1.3 AC effects

Another effect relevant to this assignment is the presence of eddy currents. These are induced
when an AC magnetic field is applied to a material. Faraday’s law (equation (1b)) states that a
changing magnetic field B will cause an electric field E. This electric field will give rise to a current I,
which in turn generates a magnetic field B. Because of the minus sign in Faraday’s law (equation (1b))
this induced magnetic field will be in the opposite direction of the applied magnetic field (Figure 1.7).

These eddy currents only penetrate a certain distance into the material, the so-called skin
depth. This skin depth depends on material and on the frequency of the applied magnetic field.

The eddy currents cause a phase shift in the measured magnetic field (compared to the applied
field), since the induced magnetic field 90° is out of phase with the applied one. It is also important to
mention that when a low enough frequency is reached, the eddy currents become negligeable.

Figure 1.7 illustration of eddy currents being produced by a AC magnetic field inside a material, material grey, applied
magnetic field blue, eddy currents red, counter magnetic field produced by eddy currents yellow, (source picture:
http://www.olympus-ims.com/en/ndt-tutorials/eca-tutorial/what-is-eca/basic/)

1.1.4 Demagnetization procedure

As discussed in paragraph 1.1.2, magnetic remanence may cause problems with high-p shields
so a way has to be found to remove the remanence. For this, a so-called demagnetization procedure
may be used. This is done by applying an AC field and then slowly bringing its amplitude down to
zero. Two conditions need to be met to successfully remove the remanence. First a low enough
frequency must be chosen so that no effect of eddy currents is present. This is to make sure that the
field penetrates throughout the thickness of the shield. Secondly, a high enough initial field amplitude
must be chosen so that the field fully saturates the hysteresis curve from Figure 1.6. The
demagnetizing procedure then results in the M(H) curve schematically shown in Figure 1.8.
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Figure 1.8 demagnetization curve M over H

1.1.5 Literature

p-metal shields are typically used in room temperature applications, e.g. in a magnetometry
laboratory [4]. However, at low temperatures most p-metals permeability drops drastically. Since this
is a large problem for shielding at cryogenic temperatures, the company called Vacuumschmelze
GmbH & Co.KG specially developed the material CryoPerm. CryoPerm has the property that instead
of decreasing, its permeability increases at low temperatures (Figure 1.9).

Ha

Wo000 |
CRYOPERM 1D Armumetal

L0000 |

200 00 @ 20
Ternperature —— =

Figure 1.9 permeability of CryoPerm 10 and Arnumetal (high p metal) over temperature (source picture: amuneal
manufacturing corp, data sheet “Custom Magnetic Shielding for Low Temperature Applications”,
http://amuneal.com/sites/default/files/AmunealDataSheet2.pdf)

We also head to specify what “high” permeability is. The theoretical model is taken form [5].
Here the shielding factor determined for a model for cylinders and spheres is compared with respect to
different parameters. One subject studied here is the shielding factor of a long cylinder is studied
depending on relative permeability (/) and the thickness of the cylinder. The results of which are
shown in Figure 1.10.

10
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Figure 1.10 Flux shunting shielding for a long cylindrical shield. shielding factor s (Bneasured/Bappiiea) is Shown as a function
of ratio of shield thickness to inner diameter (A/2a), for various values of relative shield permeability (/o) (source
picture: J.F.Hoburg, “Principles of Quasistatic Magnetic Shielding with Cylindrical and Spherical Shields”, |EEE

Transactions on Electromagnetic Compatibility 37 (4), pp. 574-579, 1995 [5] )

10

For the Athena mission, SRON needs a shielding factor of 1000 or more. From Figure 1.10, it is
estimated that at least a relative permeability of more than 10000 is needed or alternatively a very
thick shield.

Another important aspect studied here is the effect of frequency on the shielding. Previous work
[6] was done to look for a material needed to create a good EMI filter by comparing Mettglas with
CryoPerm at cryogenic temperatures. The conclusion from this was that CryoPerm loses its
effectiveness as a shield above frequencies of ~100Hz.

Another aspect studied is how hard it would be to achieve the shielding factor 1000 needed by
SRON. In previous work [4] a shielding factor of 3000 was reached but this did require a combination
of 5 shields made from P-80 to achieve, which indicates that it is not easy to achieve high shielding
factors with little space.

1.2 Superconducting shields

1.2.1 Basic theory superconductors

In the frame of this assignment, also a few basic properties of superconductors need to be
introduced. Here, we just expand on two key properties relevant for magnetic shields. First, a
superconductor is a material that has no resistance below a certain temperature called the critical
temperature (T.). Second, type Il superconductors in a magnetic field have two states the Meissner
state and the vortex state. In superconductors charge carriers “condensate ” into Cooper pairs. Cooper
pairs are pairs of electrons that are bound together, both having opposite momentum. Further
understanding of this pairing mechanism is not needed in this context and interested readers are
referred to [7, ch.6].

The different magnetization states of a superconductor will be explained, beginning with the
Meissner state. In the Meissner state, no magnetic field is present inside the superconductor. This
implies that the right hand side of equation (3) is zero:

B=pu,(H+M)=0 >H=-M (12)

11



The magnetization M cancels the applied field H exactly. Such a material is called a perfect
diamagnetic material. In paragraph 1.1.1, it was shown that magnetization M can be described as a
current over the materials surface. So the Meissner state has super-currents running over the materials
surface, which cancel out the applied magnetic field.

Lets look at this surface a bit closer. No magnetic field may enter the material in the Meissner
state. This means that the external field cannot have a perpendicular component on the surface of the
material, since else the magnetic field would enter the material (surface currents can only influence
parallel field components at an interface, the perpendicular component of the magnetic induction B is
continuous across the interface). So it can be concluded that also outside the shield, there is no
perpendicular component of the magnetic field on the surface when the shield is in the Meissner
state(B, = 0 on the surface). Just like with high-p metals, the boundary condition is the basis of
modelling the field around a superconductor.

Note that in reality the magnetic field does penetrate the material a certain depth. This so-
called penetration depth A is material and temperature dependent. However, in this assignment, we
assume that the shield thickness>>A\, so that we can neglect this effect.

Another property of the Meissner state is that it is destroyed if a high enough magnetic field is
applied. This threshold is called the first critical field Hc;. At higher fields, the kinetic energy of the
super-currents becomes too high and they cannot cancel out the applied field anymore. At that point, a
magnetic field gets inside the superconductor which causes the Meissner state to break down.
However, this doesn’t break down superconductivity itself.

Above H., a second magnetization state is created inside the material called the vortex state.
In this state, small areas of normal metal are surrounded by circulating currents called vortices.

This state also breaks down if a high enough magnetic field is applied, called the second
critical field He,. The vortex density grows with increasing external field. At a high enough magnetic
field vortices will start to touch, which causes superconductivity to break down. For further discussion
of the subject the reader is referred to [8, ch.4].

The transitions between these states (i.e. He; and Hc,) dependent on temperature, as described
in Figure 1.11.

For this assignment, two ways to cool-down a material below the critical temperature T, with a
field present are studied. Either the field is first removed then the sample is cooled and finally the field
is applied again (zero-field cooling), as indicated in Figure 1.11(1). Alternatively, the sample is cooled
through the critical temperature T, while the field is present (field cooling) as seen in Figure 1.11(2).
The consequences for shields are explained paragraph 1.2.2 and 1.2.4.

Vortex

Meisner

T.

Figure 1.11 Magnetic “phase diagram” of type Il superconductor, indicating the phase boundary H.(T) between the
Meissner- and vortex state and H,(T) between the vortex- and normal state. Also indicated are two possible trajectories
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to take a superconductor from a state (T,,H) to state (T,,H), with T,<T.<T,. Trajectory (1) is called zero-field cooling, (2) is
field cooling

1.2.2 Remanence in superconductor

We already mentioned how remanence may limit the effectivity of a magnetic shield. For
superconductors there are two types of remanence: geometric flux trapping and vortex trapping.

First, geometric flux trapping will be explained. It is caused by the magnetic field that is
created by super-currents because of the geometry of the material when a magnetic field is present
during cool down through the critical temperature. As an example, a cylinder of superconducting
material is taken at a temperature above T, and a field is applied in its axial direction (Figure 1.12a).
Now the cylinder is cooled down through T, with the field still applied (Figure 1.12b). Then the field
is turned off. The superconductor will “want” to keep the flux inside the cylinder constant because of
Faraday’s law (equation (1b)). Rotating super-currents will start to flow on a macroscopic scale,
creating a magnetic field inside the cylinder (Figure 1.12c). This causes geometric flux trapping in the
cylinder.

(a) (b) (c)

Figure 1.12 illustration of geometric flux trapping; black arrows represents the applied field, yellow lines induced super-
current, a) field applied cylinder in normal state (T>T_), b) field still applied cylinder in superconducting state (T<T,), c)
field turned off, internal field created by rotating super-currents.

Geometric trapping causes problems for a superconducting magnetic shield, since it results in
a permanent field “frozen” inside it due to this remanence.

This effect can be countered by making sure no magnetic field is present during cooling, e.g.
as in the hybrid assembly shown in Figure 1.1 by adding an extra p-metal shield. In such case,
geometric flux trapping is minimised by making sure that only a very low field is present during cool-
down to be trapped and Faraday’s law will keep de field inside the cylinder close to zero. Super-
currents will cancel any field applied after cooling. Essentially this method follows path (1) from
Figure 1.11.

The second form of remanence is vortex trapping. As mentioned in paragraphl.2.1, vortices
are small areas inside a superconductor where the material is in the normal state. In these areas
magnetic field can go through the superconductor, creating a weak spot in the shield. On a
microscopic scale, the magnetic field present inside the vortex causes the same effect as with the
macroscopic geometric flux trapping: magnetic field is permanently trapped inside the vortex. Even if
the shield is used in the Meissner stare, a field-cooled trajectory inevitably must pass through the

13



vortex state, as can be seen in Figure 1.11. As we will see below, vortices which are “pinned” at
material inhomogeneities will “survive” in the Meissner state and will give rise to a remanent field.

B
N ~7

Figure 1.13 illustration of vortex trapping, blue is superconducting state, white normal state, red arrows magnetic field,
black dot crosses super currents

Since these 2 forms of remanence cause problems for magnetic shielding they need to be
removed with a demagnetization procedure. This is for superconductors quite simple. The material is
brought back above the critical temperature T, and cooled down again. However if the field remains
present during cool-down, the remanence will not be removed. So for a practical demagnetization the
material should be brought above T, and then lowered below T, but with no field present.

1.2.3 Literature

Several techniques have been proposed and/or used to avoid remanence in superconducting
shields. A first example is used to shield a space-based gyroscope [9]. Here the shield is made of a
lead balloon. It is deflated during cool-down and inflated while superconducting. This setup relies on
“a trial and error” principle since the amount of magnetic shielding is not certain. Furthermore, a large
and complex apparatus is needed to inflate the lead balloon and to move it over the sample.

A second example is described in [10]. In this case, a device is used to locate trapped flux and
to move it to a buffer zone. This is done by locally heating the area around the trapped flux and thus
“pushing” it out of the shield. This technique has the problem that it requires a large and complex
apparatus which is not practical for a satellite. Another disadvantages is that it only removes vortex
trapping, not geometric trapping.

A third example is proposed in [11]. In this case a current through the shield simultaneous
with a magnetic field applied along the shield causes the flux quanta to move to buffer zones made in
the top and bottom of the shield. However, this technique does nothing against geometric flux
trapping, while the power supply and coil needed to make the magnetic field add a lot of bulk and
weight to the setup.

1.2.4 New technique

For its collaboration with SRON, the UT proposed a new technique to avoid flux trapping and
remanence, as explained below. Part of this assignment was to estimate the feasibility of this new
method using the Ginzburg-Landau model, as discussed in detail in paragraph 2.2.1. In this paragraph,
we simply describe the proposed procedure and use a “hand-waving” argument to discuss the possible
problem with it. The method aims to create a superconducting cylinder that is cooled down while a
magnetic field is applied, but will have no problems with geometric flux trapping as described in
paragraph 1.2.2. This means that the field-cooled path (2) from Figure 1.11 is modelled.

The advantage would be that this technique could be achieved with only one single shield. The
p-metal shield would become redundant and this would save space and weight in a satellite.

First the technique will be explained with an example: consider a superconducting cylinder at
a temperature above T, and with a magnetic field B applied along its z-axis (Figure 1.14a). First the

14



flux through the top opening is made zero by applying a counter field (Figure 1.14b). Although this is
a form of active shielding, note that only a small portion of the shield needs to be made flux-free. This
greatly limits the size, weight and power consumption of the compensation coil. Next, this top part
will be made superconducting by applying a controlled temperature gradient over the cylinder in such
a way that the temperature decreases from top to bottom (dT/dz<0). An interface between the
superconducting and normal state is thus created on the cylinder. Then, the counter magnetic field is
turned off and the super-currents take over to cancel out the applied field (Figure 1.14c). Now the
temperature gradient is moved down, which causes the N/S interface to move down and makes more
of the cylinder superconducting. The idea behind the trick is that the field will be “pushed out” by the
moving interface. When the interface reaches the bottom it will have pushed the magnetic field out of
the whole cylinder including it inner volume (Figure 1.14d).

| Ld°] )

Figure 1.14 red is normal metal, blue is superconducting metal, a) the cylinder is in normal state and field is present,
b) the top opening is made flux-free with a coil, ¢) The top is made superconducting, creating an interface between
superconducting state and normal state, d) the interface is moved down and pushes out the field until the shield is
entirely superconducting and no field is present anymore

One of the possible problems foreseen with this technique is the interaction between material
inhomogeneity and the moving N/S interface. This could cause vortex trapping.

A rough estimate of this effect can be made based on simple arguments [12]. The argument
uses the coherence length &, which can be seen as the typical “thickness” of the N/S interface. Just like
the penetration depth A, discussed in paragraph 1.2.1, & is temperature dependent as will be discussed
in more detail in paragraph 2.1.2

This argument aims to estimate the minimum temperature gradient that is necessary to make
the new method work in the presence of defects. With “defects” we mean material inhomogeneities
that cause a local depression AT, of the critical temperature. A constant temperature gradient is
assumed (T(x) =T, — |[VT|x), with T, the temperature at the interface and VT the imposed
temperature gradient (Figure 1.15). This estimate assumes that a defect can be described as a local
suppression of the transition temperature T, — AT, in a certain point X4. The main idea is as follows: as
long as the defect remains within the coherence length & of the interface before it becomes
superconducting, no vortex will be created. However, if the defect falls outside the coherence length, a
vortex is created and the proposed technique doesn’t work. The defect becomes superconducting when
T(xy4) = T, — AT,. Since Ty is taken at T, this temperature becomes T (x;) = Ty — |VT|xg4, giving the

point x; = 87c S the coherence length must be bigger than x4 with temperature T=T.-AT.. Next, we

vt
consider temperature dependence of the coherence length § = 0‘74T

1__
Tc
requirement that the coherence length at this defect needs to be bigger then x; =

minimum value for the gradient, equation (13)

(see also paragraph 2.2.2). The

AT,

leads to a
|vT|

32 1 T,
0.74 &, (13)

0.74% _ AT, AT,
a, 7]
T,

vl > (79)
~1vrl> (3

§(xq) = x4 -
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Figure 1.15 lllustration what would happen if a defect is present near the interface between normal and superconducting
state, a) no defect present, b) defect present on the interface, c) defect has created a vortex in the superconductor

1.3 Structure of this assignment

Chapter 2 gives more details about the theory and modelling. In this chapter, the Ginzburg-
Landau (GL) theory will briefly be explained and a 1-dimensional GL numeric model will be set up to
describe the cool-down in the presence of inhomogeneity. Different numerical approaches to solve the
resulting non-linear equations are discussed. Furthermore, analytical expressions for simple
geometries of both superconductors and high-i metals are reviewed and a linearized FEM (Comsol
MultiPhysics) is discussed to treat more complex geometries.

Chapter 3 treats the experimental setup and methods used to study simple CryoPerm and Nb
shields. Also previous measurements done with a Hall probe on the CryoPerm shield will compared
with the new measurements done with the SQUID sensor.

Chapter 4 reviews the results. Here all the results from the measurements will be compared with
those from the modelling and also the result of the GL model for the new cooling method will be
shown.

Finally, chapter 5 gives a general discussion and conclusion of the experimental and modelling
results.
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2 Theory & models

As mentioned in chapter 1, the goal of this assignment is 2-fold: 1) to validate straight forward
models as a design tool for magnetic shields (and especially, to check experimentally where the
models break down due to effects such as remanence); and 2) to construct a first numerical model for
the cool-down of a superconductor in presence of a magnetic field, in order to check the hand-wavy
argument described in paragraph 1.2.4

In this chapter, we describe the models that are used in more detail. Paragraph 2.1 first describes a
number of analytical approaches, either to estimate the remanence of p-metal cylinders or to describe
the shielding obtained with superconducting disks and cylinders in the Meissner state. Next, we
discuss the general features of finite element models, which are implemented in this assignment with
commercial software.

Paragraph 2.2 then deals with the Ginzburg-Landau (GL) approach that was taken to model the
in-field cool-down of a type Il superconducting shield. First the key ingredients of the GL description
are introduced and then the standard GL equations are adapted to incorporate a thermal gradient. The
section excludes with a brief discussion of the numerical recipe chosen to solve the resulting
equations.

2.1 Analytical and “FEM” modelling

2.1.1 General analytical approach

In this assignment, all analytical models treat cylindrical systems, so the choice of a
cylindrical coordinate system makes more sense. This coordinate system consist of the three
coordinates: r perpendicular to the cylinder wall, 6 parallel to the cylinder wall and z along the length
of the cylinder. The representation of this coordinate system (compared to the usual x,y,z coordinate
system) is shown in Figure 2.1.

Z

0.
2

Y

Figure 2.1 the cylindrical coordinate system
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In regions of space without current, a scalar magnetic potential ¢ can be defined such that
H = —V¢ [13] the field can then be found by solving the Laplace equation V2¢ = 0. In cylindrical
coordinate system the Laplace equation is written in terms of r, 6 and z as:

dzf dzf dzf
2f = = 14
f dx?  dy? dz? (14)
1d/ dfy 1d*f d2f
2 (2T — ) 15
vir rdr (r dr) r2d@?  dz? 0 (15)

The equation is solved with the ansatz of separation of variables. The function f(r,0,z) that
depends on multiple variables as the product of three independent functions, each dependent only on 1
of the variables:

f(r,6,z) =R(r)O(O)Z(2) (16)

This has the advantages that it results in a set of ordinary differential equations, rather than one
involving partial differentials.

Now a couple of analytical models needed for comparison with the experimental results will
be discussed.
Axially magnetized p-metal cylindrical shell

The first model is about the magnetic field produced by a cylinder made from high-p metal
and magnetized in the z-direction. This model is used in paragraph 4.1.2 to analyse the measured
remanence on the axis of a p-metal shield. For this the theory from paragraph 1.1.1 (the magnetization
of a material can be seen as a current over its surface) is used. Using the previously discussed theory,
the magnetization can be represented by a current going clockwise in the inner surface of the cylinder
and counter-clockwise on the outer surface (Figure 2.2).

Figure 2.2 surface currents caused by the magnetization of an axial magnetized cylinder

These currents may be represented by two coils, one at radius of the inner surface with a current going
clockwise and the other at the outer surface with counter-clockwise current. The analytical
descriptions of a coil with finite length in cylindrical coordinates only provides magnetic field values
along the vertical symmetry axis (at r=0). [2 ,problem 5.11]. The formula derived for such a coil is:

B(r=10,0,2) =

UK z+h z R
- Z a7
2 |J(z+h)2+R2 VzZ+R?
Here h is the height of the coil, R its radius of the coil and K is the sheet current in the coil.
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Now this single coil can be extended to model two coils in opposite direction as a model for an
axially magnetized hollow cylinder. This analytical formula is given in equation (18). In this equation
h. is height of the cylinder, R; its inner radius, d the thickness of the cylindrical shell and K is the sheet
current density on the surface.

Bir=o6,z=f _Zth 2
2 [J@E+h)2+R? z2+R?

B < z+h, B z )] . (18)
JE+h)?2+ R +d)? 22+ (R; +d)? ’

Transverse components of the remanence in a magnetized hollow cylinder

The Second model is needed to determine the effect of magnetization of the cylinder along the
r- and 6-direction at z = 0 and will be compared to measured data in paragraph 4.1.2. This model
requires equation (1a) and equation (2) and is written out in appendix A. The results may be written as
a general solution of the Laplace equation (15), leading to:

_1 had
B.(r,0,z = 0) = — (EyInr + Fy) + Z(Ekrk-l + Fer=0D)sin[k(8 — ¢y0)] (192)
r k=1
1 [0/0)
By(r,0,z = 0) = (E,0 + (;0); + Z(Ekrk-l — Fer=% D) cos[k(8 — ¢y)] (19b)
k=1

The coefficients Ey, Fx and Gy are once more interpreted in terms of surface currents, as we
will see later.

Magnetic field near simple cylindrical systems in the Meissner state

Several analytical models are found in literature for superconducting shields in the Meissner
state. All rely on the boundary condition B, = 0 discussed in paragraph 1.2.1. Some examples are
now given below.

In [14], a scalar magnetic potential ¢(r,0,z) is introduced and the boundary condition B, = 0 is
used to work out the field near superconducting disks or hollow cylindrical shells. The main
conclusion is that an external field is attenuated exponentially with axial depth inside the shell (or
distance to the disk). Although these results are directly qualitatively relevant for this assignment, the
geometries discussed are too simple to describe a complex-shaped shield such as the one in Figure 1.1
guantitatively.

In [15], an analytical model is made for a closed superconducting “cup”. The author uses
Green’s theorem to find the potential of the cup and then breaks it up into multiple regions in order to
solve them individually. It is also mentioned in this paper that this technique could be used for far
more complex shapes, but no actual examples are shown. When this was studied closer for this
assignment, it was quickly concluded that relevant complex shapes would require numerical
techniques to solve the resulting system of boundary conditions and it was decided that the models for
the superconducting Meissner shield could be better made using a finite element approach, as
explained below.

2.1.2 Finite element approach

The finite element approach used in this assignment is implemented in the commercial
program Comsol MultiPhysics. This method is used to model more complex geometries where no
analytical method is present. For the finite element method, the problem needs to be defined inside a
certain space. This space is then broken up into a grid of triangles as illustrated in Figure 2.4. Inside
this space the differential equations are known. These can be different depending on the area inside the
space. Next the boundary conditions of the problem need to be implemented. Now with these
boundary conditions and differential equations, the solution is constructed grid point by grid point.
This results in an approximate solution of the problem. For further discussion of the finite element
method, the reader is referred to [16].
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Comsol MultiPhysics is used by SRON and also in this assignment to model the shields. One
of the reasons for this work is to validate these models with the measurements that were done in the
assignment and are presented in chapter 4.

The models used here and some of the results are shown below.

For the high-i metal, shield a model of two nested cylindrical shells is made in an axial

symmetric system (Figure 2.3).

Figure 2.3 axis-symmetric model description for the high-pu metal shield

For the superconducting shield a model is made (Figure 2.4) once more using the boundary
condition B, = 0 on the surface of the shield in the Meissner state. In Comsol this boundary condition
is implemented as “magnetic insulation”. In this model, the superconducting shield consists of two
pieces which are combined with a narrow gap between them. This is explained in more detail in

paragraph 3.3.1.
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Figure 2.4 model description for superconducting shield

To give a first impression, some results of the model of the superconducting shield are also
shown below (Figure 2.5).
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in more detail
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2.2 Ginzburg-Landau theory

2.2.1 Basic Ginzburg-Landau theory

Ginzburg-Landau (GL) theory was derived by Vitaly Ginzburg and Lev Landau in 1950,
based on one of Landau’s earlier theories of second-order phase transition. In this theory the free
energy minimum is found by describing it in terms of an order parameter and demanding that its
partial derivatives with respect to this parameter are zero. One of the important consequences of this
approach is that it is only accurate close to the critical temperature T..

When creating the theory, Ginzburg and Landau had an important realization. This was that
apart from the magnetic field, also a second variable was needed for a complete description of
superconductors. They then realized that just like in quantum mechanics a complex wave function
could be introduced as order parameter. Later v was found to be the wave function of the Cooper
pairs, defined as |1p|%= Cooper pair density.

This wave function y starts to develop at the interface between a normal (y=0) and
superconducting region (y#0). However, y needs a certain length to develop inside the
superconductor, the so-called coherence length &. Using this information and the previously
introduced penetration depth A of the magnetic field, a qualitative description of the interface between
a normal and superconducting metal can be already made (Figure 2.6).

B P
1
,'- ¢ S
A
<>
—t X
Normal Super

Figure 2.6 representation of the magnetic field B and the magnitude of the superconductors order parameter ¢ at the
boundary between normal metal and superconducting metal

However, the approach allows also to quantify the situation in the form of the GL equations.
To derive these equations first the GL energy equation (equation (20)) is needed.

1 B®>  uoHj
—ihV — e* ADY|* + — —
(=i — e Yl + 2= =5
This equation is easiest understood when broken into parts. The first 3 terms in the equation
(fn + alP]? + % ||*) represent the equilibrium energy deep inside the superconductor. It should be

mentioned that the parameter a is negative in the superconductor: f(jy|) needs to have to minima at

F@) = fu alyl + 5 blyl* + (20)

2m*

+ f‘Ta to achieve superconductivity and these minima are only present if a<0. Second, the middle part

! As discussed below, the gradient of || is associated to the current density. A too high gradient would imply
a too high kinetic energy of the Cooper pairs
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(2;* |(—ihV — e*A)Y|?) is the equation for kinetic energy with a magnetic field applied. Finally, the

2 2
end part (% - “°TH°) represents the energy of the magnetic field.
0

In the GL energy equation (equation (20)) there are two variables present: the wave function v
and the vector potential A (the magnetic field B is not independent, since it is rewritten as function of
A using equation (2). To derive the GL equations, the minimum of the energy needs to be found with
respect to v and A. This is done by taking the derivative of equation (20) to v and A separately and
putting the results equal to zero. This is written out in more detail in appendix C. The famous resulting
GL equations then become:

ap + b1 + o |(—ihT — e M) = 0 (212)
J = =5 [V — VY] - oAl (21b)

2.2.2 Ginzburg Landau theory and the proposed cooling method

For this assignment, the GL equations are used to model the new field-cooling technique
described in paragraph 1.2.4. The GL theory was chosen because it best describes the interface
between a superconducting and normal metal and this is exactly the area where most of the problems
are expected.

For this model, the temperature dependence of the GL equations needs to be made explicit.
The starting point are the GL equations as derived above (equations (21a,b)). To make the equations
simpler, some assumptions are made. The first assumption is that the magnetic field is applied in the
z-direction and only x-dependent. With that information and using equation (2) the vector potential
can be chosen in the y-direction and x-dependent (A = A, (x)¥). The second assumption is that the
wave function may be broken into parts: a real part f which is x-dependent and a phase 6 which
depends linearly on y. This results in :(x,y) = Yoo f (x)e®D) =, F(x)e* Y. To simplify the
notation further, some definitions are needed. The first “definition” is equation (1a) (uoJ = V X B).

The other definitions are the coherence length &, the penetration depth A and the equilibrium value of

; ; Sop2 @ g2 Ry om
the wave function defined as: Y& = 5 3 Tl PISCEN

Finally, the flux quantum ¢, and

the GL parameter « are defined as: ¢ = ei K= % Using these definitions and assumptions, equations
(22a,b) can be rewritten as:

42 (Yo 2né \?
£ —Sﬁ:zf )_ (fk - —(;TOEA) Yoof + Poof = heof? =0 (222)
2 2d2%4 2
$ﬁ+[fk_¢ij,4]fz —0 (22h)

In these equations there is still no temperature dependence. However, it is known that the
parameter a form equation (21a) is temperature dependent. Since & and ., both depend on the
parameter a, they will also be temperature dependent. This results in:

(1)
M — —
a .
h2 1 &
2 _ _
¢ 2m*|al| 1_)5 T (23)
1 1——
Te T,
—-a T T
lpgo:Tocl_F_)l/)oo:lpooo I_F (24)
c c
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Now the temperature dependence of & and .. can be implemented into equations (22a,b)
which makes the GL equations explicitly temperature dependent. This derivation is written out in
more detail in appendix D.

2.2.3 Numerical solutions of Ginzburg Landau equations

Here the model for the new controlled field cooling technique, as described in paragraph 1.2.4,
is written out. To model this procedure, the GL equations are solved numerically with the program
labview.

The GL equations are solved for a 1D system extending in the x direction with the interface
between superconductor and normal metal at x=0. The assumptions taken here are that the amplitude
of the wave function y varies in the x-direction and that the magnetic field B is applied in the z-
direction. Using equation (2) we can choose a vector potential A in the y-direction corresponding to a
current density J is in the y-direction, as shown in Figure 2.7

X

Normal metal Superconducting metal

Figure 2.7 illustration of the system for the Ginzburg Landau equations

Now the boundary conditions need to be defined. These are taken from Figure 2.6 since they
reflect the general shape expected for the results:

dA dA
BZ(O) = %x=o = BO, BZ(OO) = %x=w =0
df _ B
Ty~ f)=1

So it is expected that the magnetic field is equal to the applied field at the interface and zero deep
inside the superconductor. The amplitude of the wave function has a derivative b on the interface and
is fully developed (and constant) deep inside the superconductor. It might be expected that the gradient
of the real part of the wave function is zero at the interface, but Cooper pairs tunnel into the normal
metal at the interface through quantum tunnelling so a certain non-zero gradient b develops [17]. Since
b is material-dependent we treat it as a free parameter. To keep the system simple, the temperature
gradient is taken to be constant:

with T, as the temperature at the interface between superconductor and normal metal and VT as the
temperature gradient.
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When all this is implemented into equations (22a,b), it results in equations (25a,b).

2 2 2
bt T ek~ 2og0a) [+ f— f?

bo
df 1 T 5 o (252)
+T[€°1—t0 + TuU, dx Z(l—t0+ru0)2+u°f_u0f ]_tO[f_f I=
22§y d2A 2mé,
TW'}‘[EOII(_ ¢)0 A]f2+Tu0 I:EO _to I:fo =0 (25b)
& is the coherence length at T 0. To make the model easier to calculate, the variables are made
dimensionless by defining t, = T ,T = Eo,u = fﬁ ap = &gk — zgﬁ
0 0
Implementing these results in equations (26a,b).
d*f 5 5 df 1 5
prek +T[—1_t0+m w Tia et Y ] (262)
—tolf = f31=0
2B 2 —0 (260)
—K? Tz + agf? + tuayf? — toaef? =

Now the dimensionless order parameters f and o, need to be solved.
Also the boundary conditions need to be rewritten in terms of the dimensionless variables.
This results in;

dog 27150 dog
—_— = By = —fo, — =0
du y=o b0 S0B0 = —Fo du y=co

df

e = b’ =1

o f ()

All of this is derived in more detail in appendix E.

With the equations and boundary conditions rewritten, a numerical method to solve the
problem needs to be found. First we remark that this is a boundary condition problem: at the two
boundaries (u=0 and u=co) the derivatives of the functions we seek (f(u) and a, (u)) are known.

To find a general method to handle this type of problem two books were consulted [18] and
[19]. In these books, two methods where found for this type of boundary problem.

The first method is the so-called “shooting method™. In this method, for 1 of the boundary
points the known derivative is taken and the value of the function is guessed. Then the problem is
integrated inwards form this boundary, with the starting values of the function and its derivative
implemented in the differential equation itself. Finally, the solution is checked by going to the other
boundary and checking if the value or derivative match up to the already known value or derivative
there. If not, a new guess is made until the correct solution is found.

This trial and error method isn’t preferable here because our problem consists of two coupled
differential equations. For each try, one or both need to be changed to find the correct solution and the
convergence towards the correct solutions is very slow.

The second method is based on solving a matrix of all function values on a discreet grid. This
means that the differential equation is written out in its numerical form for each value f; and o; and this
system of 2n equations is put into a matrix and solved with a linear solver routine

This doesn’t work for this problem, because there are nonlinear terms in the differential
equations.
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Since no standard method was found in literature, a method was created to tackle this problem.
This iteration method is described in detail in appendix F, but the result is given below:

i
f-ip‘l'll — b + Z
j=0

()77 =17+ (57)

1 aff 1 T
-7 —fP 4 u~f.p
|:1 _ tO + Tu]‘ du] ] 4 (1 _ tO + ‘[uj)z 1) j (27a)
3 3
(i) |+ el - (7) ]
N
frtt=1- Z 7 au (27b)
j=i
1% 2 2 2
al " = By + FZ [“Jp(ﬁp) + Tufajp(ﬁp) - thJp(fjp) ]Au (282)
j=0
N
Pt == o (28b)
j=i

The superscripts “p”” and “p+1” refer to successive generations of trial solutions.

For this method an initial function for f° and o° needs to be known. These are guessed based
on the expected form of the functions shown in Figure 2.6.

This method in theory can be used straightforwardly. However, because the two functions are
coupled and strongly non-linear the first try showed that the method was not stable. To compensate for
the instability, numerical “damping” is applied: a percentage c of the new function and percentage (1-
c) old function are combined to make the f function and same is done for o as seen below:

f = cfuew + (1 = forar a = Cnew + (1 — g

This nest f and o values are again put into the numerical recipe and everything is repeated
again. This process is then repeated until a small enough difference between f,4 and f,, and between
Ooig aNd oy 1S reached.
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3 Experimental layout

3.1 Set-ups

3.1.1 Magnetic components

To avoid complications due to the earths magnetic field and various stray fields, all experiments
where done inside a magnetic shielded room (Vaccumschmelze AK3B, 2.4x3x4m? [20]). In the centre
of this room where the various shields are tested, the background field is measured to be <10nT.

For these experiments, two Helmholtz coils were used. A Helmholtz coil is a set consisting of 2
identical short solenoids of radius R placed parallel to each other at a distance R apart. This has the
advantages that in the centre of the set field homogeneity is maximised, with both first and second
derivative of B with respect to the axial direction zero [2].

The first Helmholtz coil has a diameter of 400mm and distance of 200mm between the coils. It
has a field constant of 674uT/A. The second coil set consists of 2 “Helmholtz” coils one producing a
field in the z-direction and the other one in the y-direction. The “Helmholtz” in the y-direction consists
of two square-shaped coils with sides of 1444mm placed 1390 mm apart. The z-direction
“Helmholtz” coil is made of two circular solenoids with diameter of 1720mm placed 1520mm apart.
Their field constants were verified using a fluxgate (Bartington Mag-03), yielding 54.41uT/A in the y-
direction and 97.86uT/A in the z-direction. Strictly speaking, these two coil sets are no Helmholtz
coils. Nevertheless, we shall refer in the rest of the text to 3 coil sets as “small Helmholtz” (which will
be used to create both horizontal and vertical fields); the “large vertical Helmholtz”; and the “large
horizontal Helmholtz”. The words ‘vertical’ and ‘horizontal’ will refer to the generated field direction.

A fluxgate is a device that consists of two coils wrapped around a ferromagnetic core.
Through one of these coils an alternating current is put, producing an AC magnetic field in the core
which in is sensed by the other coil. External DC fields are then detected by their influence on the non-
linear magnetic susceptibility of the core [21]. Although these devices are robust, relatively simple in
use and precise over a wide field range, they cannot be used at the cryogenic temperatures where we
want to test our shields. Therefore, in this assignment the fluxgate is only used for background
measurements and coil calibrations.

A power supply is used to drive the Helmholtz coils. Coil current is measured by a 0.1Q shunt
producing a voltage (in V) that is 10% of the current (in A). This voltage is amplified 10 times (Ectron
model 560 amplifier) so the measured voltage is equal to the applied current. This is then read by a
DAQ card (NI USB 6216) and processed with a labview program.

3.1.2 Measurement devices

Prior to this assignment, some work was already done to determine the magnetic shielding of
the CryoPerm shield, using a Hall-probe (GaAs/AlGaAs probe, ChenYang Technologiesa, type
HS80). The Hall constant for this probe was 1.256V/T at ambient temperature (300K) and 3.413V/T
with the probe submerged in liquid nitrogen (77K). The noise floor obtained with this probe was in the
order of ~4uT, which was too high for a detailed comparison with model results.

Therefore, for this assignments a three-axis SQUID sensor (models XYZ-WMO02 Figure 3.1) is
used. When rotated around the 2-axis, the x and y direction SQUIDS are ~5mm off-axis because they
are placed on the sides of a cube. The SQUID sensors are controlled using a Star Cryoelectronics
controller (model PFL-100) and read out by the program PCS100 Squidcontrol. Although the SQUID
sensor offers a far superior sensitivity compared to the Hall probe, it is important to note that it cannot
measure absolute field values. Once the feedback loop is locked, in principle field variations as small
as <1pT can be detected, but the amount of flux in the SQUID loop prior to locking is unknown.

The basic layout of the SQUID electronics is shown in Figure 3.2. A feedback loop consisting
of a feedback resistance and coil determines the range at which can be measured. The SQUIDs
measure by keeping the magnetic flux through them constant; this is done with a feedback coil. The
maximum readout of the feedback coil is ~6V with the resistance determining the range which can be
measured (i.e. the lower the resistance the larger the range). The resistance can be set to the values 1,
10 or 100kQ.
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A problem that can occur is momentary loss of locking, during which the magnetic field inside
the SQUID jumps to a different level. This has the effect that the SQUID now reads out a different
voltage at the same applied magnetic field, causing the differential comparison to be lost. In principle
this can be compensated for afterwards in the data files, but this is not a perfect solution so in most
cases it is best to redo the measurements and to reset the SQUID.
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Figure 3.2 SQUID electronics overview

The first thing that needed to be done was to calibrated the SQUIDs for the CryoPerm
measurements. For the calibration, both Helmholtz sets are used and the sensors are calibrated for two
different feedback resistors (1kQ, 10kQ). The calibration for the x,y SQUIDs are only done with
feedback resistance of 10kQ. For these calibrations, the large horizontal Helmholtz was used. For the
calibration of the z SQUID both the feedback resistance of 1k and 10kQ are used. For the calibration
with the feedback resistance of 10kQ, the large vertical Helmholtz is used. With the feedback
resistance of 1kQ the small Helmholtz is used. The SQUID constants found by the calibration are
shown in Table 3.1.
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Squid axis Feedback resistance (kQ) Calibration (V/uT)
X 10 1.837+1%

y 10 -1.863+1%

z 10 2.044+2%

y 1 0.2078+2%

Table 3.1 calibration results SQUIDs for CryoPerm measurements

With these values the maximum measureable field can be determined. Taking the maximum
readout voltage mentioned before (~6V) this gives a maximum measureable field in z-direction of
~30uT using the 1kQ feedback resistor.

Between the CryoPerm and the Nb measurements, the wiring of the SQUID sensors was
redone, so the SQUIDs needed to be recalibrated for the Nb measurements.

For the Nb measurements, only the feedback resistance of 10kQ was used. First for the
calibration of the x,y SQUID’s the larger horizontal Helmholtz was used and second for the calibration
of the z SQUID the larger vertical Helmholtz was used. This results in the SQUID constants as shown
in Table 3.2.

Squid axis Feedback resistance (kQ) Calibration (V/uT)
X 10 1.87+2%

y 10 -1.866+2%

z 10 1.958+2%

Table 3.2 calibration results SQUID’s for Nb measurements
This then corresponds to a maximum measureable field of ~3uT for the Nb measurements.

3.1.3 Cryostat and insert

The experiments where done in liquid helium at 4.2K inside a fiber-glass reinforced epoxy
cryostat. An epoxy cryostat is used instead of a metal to minimize magnetic interference caused by the
cryostat. All measurements are done with the cryostat inside one of the Helmholtz coil sets, with both
the coil and the cryostat placed inside the magnetically shielded room.

For the experiments, the height of the SQUID sensor needs to be varied with respect to the
shield. This is achieved by attaching the squid sensor to a hollow G10 tube (I 880mm; ¢ 16mm) which
can slide inside a second hollow G10 tube (I 605mm; ¢ 22mm). On top of the smaller tube, the
SQUID electronics are placed. At the bottom of the outer tube a support ring (I 5mm; ¢ 51mm) is
fixed and the shield is attached below that ring. This configuration makes it possible to move the
SQUID sensor compared to the shield by moving the SQUID electronics. A second advantage of this
configuration is that it allows the SQUID sensor to be rotated around the axis of the shield. A third
advantage is that the ring slides into the tail of the cryostat, so that the insert does not vibrate easily. A
schematic description of the setup is shown in Figure 3.3.
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Figure 3.3 sematic description setup

For some of the experiments, the height of the SQUID sensor needs to be continuously
measured. This is achieved by fixing a block with a treaded hole to the SQUID electronics. Inside this
block, a nylon rod with a tread is screwed with the bottom of the rod resting on the top flange of the
cryostat. When the nylon rod turns, the SQUID electronics moves up and down compared to the
cryostat (which causes the SQUID sensor to move up and down compared to the shield). A
potentiometer on top of nylon rod measures the number of rotations of the nylon rod. So with the
distance per rotation known (2mm per rotation), the height can be measured. This gives a setup as
shown in Figure 3.4.

For this continuous height measurement, the output of the potentiometer is read by a DAQ

card and processed with a labview program.
i\ Potentiometer

C éD/,-Nylon rod
RN

Figure 3.4 setup for potentiometer height measurement

squid electronics — |

For some experiments, field needs to be measured off-axis from the central z axis. For this, at
the bottom of the insert where the SQUID sensor is attached to the smaller G10 tube, a horizontal
extension is constructed. With this extension, the SQUID sensor can be mounted 20 mm off-axis in the
radial direction. This setup is shown in Figure 3.5.
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Figure 3.5 setup for moving SQUID sensor 20mm off axis from the central z-axis
3.2 CryoPerm shield

3.2.1 Description CryoPerm shield

The CryoPerm shield consists of two concentric cylinders made of CryoPerm which are
clamped together by two Teflon collars to keep them in place (Figure 3.6). The dimensions of the
cylinders are shown in Table 3.3. It should be mentioned that both CryoPerm cylinders have a weld in
them along the z-direction. These 2 welds where placed on top of one another during the experiments
to see if an effect of the weld could be measured.

Inner diameter (mm) Length (mm) Wall thickness (mm)
Inner cylinder 34 130 0.5
Outer cylinder 41 165 1

Table 3.3 CryoPerm cylinders dimensions

-,
o

Figure 3.6 shield assembly with CryoPerm cylinders clamped between Teflon collars

3.2.2 Demagnetization procedure CryoPerm shield

Multiple times the CryoPerm shield needs to be demagnetised. This is done by disassembling
the shield and demagnetizing the two cylinders separately. The demagnetization is carried out inside
the magnetic chamber to make sure that a minimal ambient field is present during demagnetization.
For the inner cylinder, 10 turns of insulated Cu wire are wound through the bore of the cylinder. This
wire is then fed with a 0.2Hz sinusoidal current, with an initial amplitude of 2.64A. This corresponds
to an initial magnetic field of H=200A/m on the cylinder. Following a strategy as described in
paragraph 1.1.4, this current is reduced by 5% per wave until it reaches a minimal amplitude of 5mA
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(H=0.38A/m). This minimum is because of noise from the combination of the function generator
(Agilent 33120A) and the power supply (The Boss 20Volt-20Amp, Electronic Measurement Inc.). The
same thing is done for the outer cylinder. Again 10 turns of insulated Cu wire are wound through, only
this time an initial amplitude of 2.17A is applied, again corresponding to an initial magnetic field of
H=200A/m on the cylinder. Once more the current is then decreased until a current of 5mA
(H=0.42A/m) is reached.

3.2.3  Previous work on CryoPerm shield with Hall sensor

For this assignment, first a comparison needs to be made with previous work done on the
CryoPerm shield. These experiments were done in a Styrofoam bucket, either at room temperature or
filled with liquid nitrogen. Here a magnetic field with a triangular wave shape with an amplitude of
1mT was applied in z-direction. A Hall probe was used to measure the magnetic field at different z
positions in the shield. An example of one the measurement series is given in Figure 3.7. Note that the
top of the shield assembly is at z=82.5mm (Figure 3.6).
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0 165 330 495 660
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Figure 3.7 previous work done on CryoPerm shield, a triangular wave applied with amplitude of 1mT, seen at different z
positions

It is observed that the amplitude of the magnetic field decreases as one descends deeper inside
the shield. This amplitude is then used to determine the shielding factor.

This earlier work was not conclusive because the measurements needed also to be done at
lower temperatures. Furthermore, the Hall probe had a problem measuring the magnetic field in the
middle of the shield (z=0) because the measurement noise was too high (~4uT), so a measurement
device that can measure lower values was needed.
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3.24 Measurement plan CryoPerm shield

First the measurements form the earlier work described above are repeated at 4.2K with the
SQUID sensors. An axial AC magnetic field is applied and measured on-axis at different z positions.
The magnetic field with a triangular wave shape is applied with an amplitude of 100uT in the z-
direction and the measurements were done at a temperature of 4.2K. The lower amplitude compared to
the previous works is chosen because the z SQUID has a maximum measureable amplitude of ~30uT
in the z-direction, so if a field of ImT would be applied very little measurement points in z would be
below the 30uT. The results are then compared to earlier Hall probe results and to a FEM model.

The second measurement concerns the attenuation factor at the centre of the shield with
different magnetic field amplitudes applied in z-direction. First the shield needs to be demagnetized, as
described in paragraph 3.2.2. Next an external AC field is applied in the z-direction with an amplitude
of 1uT and the attenuated magnetic field is measured at z=0. After this, the amplitude is increased
somewhat and the procedure repeated. This process is repeated until an amplitude of 100uT is
reached. These results are used to study the effect of remanence.

The third measurement is the phase difference of an AC applied magnetic field in z-direction,
compared to the measured magnetic field at centre of the shield. This is then repeated for different
frequencies of the applied magnetic field. The goal is to determine the frequency at which eddy
currents become negligible. This is used to determine below which frequency the measurements and
demagnetization procedure need to be done.

The fourth measurement is the effect of remanence over the central z axis. First the magnetic
field is measured along the central z axis for a demagnetized shield with no external field applied.
Then a field excursion of 100uT is applied in z-direction (and brought back to zero). Next, the
magnetic field is once more measured along the central z axis. Also these results are specifically aimed
at studying the effect of remanence.

The last measurement is the effect of remanence and the weld at the centre of the shield. First
the magnetic field is measured at the centre of the shield over different angles for a demagnetized
shield with no external field applied. Then again a field excursion of 100uT is applied in z-direction.
Finally, the magnetic field is measured again at the centre of the shield over different angles. These
results are used specifically to look at the effect of the welds on the CryoPerm cylinders, that have
been aligned as discussed above.

3.3 Nbshield

3.3.1 Description Nb shield

Nb is a type Il superconducting material with a critical temperature of 9.2K, the highest known
critical temperature for elemental superconductors. It is important to note that the superconducting
properties of Nb are dependent on the purity of Nb [22], so damage to the shield could cause
problems.

The superconducting Nb shield consists of two parts: a top “tube” and a bottom “lid”. To
construct the shield, the top tube is slid over the bottom lid. This has the disadvantage that it creates a
small gap between the two parts where they overlap. The configuration of the shield and its
dimensions are shown in Figure 3.8.
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Figure 3.8 description of the Nb shield, dimensions in mm, the overlap between the top tube and bottom lid 9mm, a)
overview, b) cross-section

The parts of the shield where made using a technique called deep drawing. Deep drawing is a
technique were a plate of material is placed on top of a mold. Then a press a applied to the material to
press it into the mold. This results in the material having the same shape as the mold. This technique
has the advantage that no welds are present in the parts, but it has the disadvantage that stress is put on
the material to press it into the mold which could lead to material dislocations and surface defects.

3.3.2 Demagnetization procedure Nb shield

In this assignment the Nb shield needs to be demagnetized. This is simply done by heating it
up above 20K while still inside the cryostat inside the magnetically shielded room. 20K has chosen
since it is well over the critical temperature of Nb (T.=9.2K). To do, this first the shield is brought out
of the liquid helium. Then the shield is heated with a heater placed around the region where the 2 parts
overlap in Figure 3.8. To determine if the material has indeed reached a temperature above 20K, 2
thermometers were placed on the shield: one on the top and one on the bottom part. When these reach
a temperature above 20K the heater is turned off. Then the shield is again brought into the liquid
helium and allowed to cool down below its critical temperature. During this cool-down, it should be
made sure that no field is present so that no flux trapping occurs.

3.3.3 Measurement plan Nb shield

All measurements are done with a 9mm overlap between the top tube and bottom lid.

The first measurement is the attenuation along the z-axis, with at magnetic field applied in the
z-direction. First the shield is demagnetized as described in paragraph 3.3.2. Then a point must be
taken while no field is present. This is needed to have a zero field reference point since, as discussed
above, the SQUIDs measure differentially. Now an external magnetic field of 10uT is applied in the z-
direction and the magnetic field profile is measured along the central z-axis. These results will
compared it to a FEM model.

The second measurement is the attenuation along the z-axis with an external magnetic field
applied in the radial direction. Again the shield needs to be demagnetized first so that no flux trapping
is present. Once more, a reference point must be taken with no field present. Then a magnetic field of
10uT is applied along the x-axis and the magnetic field is measured along the central z-axis. Also
these results are compared to a FEM model.

34



The third measurement concerns the magnetic field at certain z points and at different angles
with a magnetic field applied in the x-direction. Now the SQUID sensor is 20mm off-axis as shown in
Figure 3.5. Again the shield needs to be demagnetized so no trapped flux is present. First, the SQUID
sensor is placed 40mm below the top of the shield. Then a reference point is taken at certain angle
(0=0) with no field present. Next an external magnetic field of 10T is applied in the x-direction. Then
the SQUID sensor is rotated 360 degrees around the shields central axis and the magnetic field is
measured at certain angles (Figure 3.9). The same experiment is repeated a second time with the
SQUID sensor 80mm below the top of the shield. Since it was feared that feedback loop unlocking as
described in paragraph 3.1.2 would not be so obviously detectable here, the experiment was repeated
with a field of 1uT applied in x-direction. Also these results are compared to a FEM model.

SQUID sensor
Central axis

<+ uSQUID

v SQUID

Figure 3.9 top view setup for when the SQUID sensor is 20mm off-axis with a magnetic field applied in x direction at a=0

The fourth measurement is of the phase difference and the attenuation of a AC applied
magnetic field in z-direction. Here the SQUID sensor is again 20mm off-axis (R=20mm), kept on a
constant angle (a=0) and demagnetized. Then the SQUID sensor is placed 80 below the top of the
shield, after which a sinusoidal magnetic field is applied in the z-direction with an amplitude of
approximately 1uT and a frequency of 0.1Hz. The magnetic field is then measured and compared to
the applied field to determine the phase difference and attenuation. This is repeated in steps for higher
frequencies until 3kHz is reached. Then the experiment is repeated for an amplitude of approximately
10uT, but now only up to a maximum frequency of 300Hz. These result are used to study the effect of
frequency on the attenuation factor of Nb shield.

The last measurement is to look at remanence. First the magnetic field is measured over the
central z-axis with no field applied, but here geometrical flux trapping is created by applying a
magnetic field in the z-directions while cooling down. To achieve this, first the shield is heated up as
described in paragraph 3.3.2. Then a magnetic field of 1T is applied in z-direction and the shield is
cooled down below its critical temperature while the field is still present. This should give flux
trapping as described in paragraph 2.2.3. Finally, the external magnetic field is turned off and now the
remanent magnetic field is measured over the central z-axis. This is then repeated for different
magnetizing fields of OT, 10uT and 100uT. These results are used to study the remanence of the Nb
shield.
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4 Results

This chapter forms the core of the report. The results of the experiments described in chapter 3
are presented, and compared to the models discussed in chapter 2. As mentioned in the introduction,
the goal is especially to validate the FEM models as design tool, but also to asses where they break
down due to effects of remanence. Paragraph 4.1 will discuss the shielding factor and remanence of a
CryoPerm shield assembly, paragraph 4.2 presents similar data obtained with the deep-drawn Nb
shield. paragraph 4.3 finally, is somewhat different: it presents the results of the GL calculations of the
field- and other parameter profiles in presence of a temperature gradient and thus forms a first attempt
to verify the hand-wavy relation concerning flux pinning during cool-down in presence of disorder.

4.1 CryoPerm shield

In the present section, the experimental data on the double CryoPerm shield (Figure 3.6) are
compared to FEM and number of simple analytical models. Paragraph 4.1.1 concentrates on the
shielding factor, which was measured on-axis as function of depth inside the shield, external field
amplitude and frequency. In paragraph 4.1.2 the effects of remanence are presented in more detail. The
remanent field is measured as function of axial position before and after an external field excursion,
and also as function of orientation with respect to the axial weld in the shield assembly.

4.1.1 Magnetic shielding CryoPerm shield

First, the profile of the axial component of the magnetic field along the (z)-axis of the double
walled CryoPerm assembly is measured here. z=0 represents the centre of the shield. An external AC
magnetic field is applied in the axial direction with a triangular wave shape, a frequency of 0.1Hz and
an amplitude of 100uT. The measurements are done with the SQUID sensor. They are compared to the
previous experiment done with a Hall probe, as explained in paragraph 3.2.3, and with a FEM model
of the shield with an applied axial field of 100uT and the “magnetic insulation” boundary condition
(By = 0). All results are shown in Figure 4.1.

a)

Attenuation CryoPerm shield

10 ] T | T | T | T T T T T T T
] sawtooth f=0.1Hz
Blpplied = |100 MT
T=42K
—m—B,
= Hi
E 1
Eﬁ
£
m
0.1+

z(mm)

36



L) L I L] AJ 'lu | Ll
1-5 L - - - w - ™ : E
[ o] : hA;"- :
g g
e 0.1+ r . c
= 3 S ®  No shield
= ] A o PR virgin shield (300K) :
g‘ . iR i g = demagnetized shield (300K) 1
© L = demagnetized shield (77K)
) 0.01 €
(0.12+0.03uT)  exp| 2/ (9.0£0.3mm) ]
1E-3 T ¥ T Y t ¥ T ¥  — T v T v T
0 20 40 60 80 100 120 140
z (mm)
c)
model CryoPerm shield
11 2= perfect magnetic boundaries [ ——__
R N AT
100 - B =100uT :
. ! applied ! 3
] | [ ]
] I I ]
10 ' \ / !
E | | :
] | | ]
S i AR -
= 1 i / i -
N 3 » . ]
o I [
1 | | ]
| : il ) ! 1
01 ! immymm=™ .
) 3 | 1 E
] | = measurments SQUID (z-5mm)
1 I model
| , :
0.01 I , |

-140-120-100 -80 -60 -40 -20 0 20 40 60 80 100 120 140

z(mm)
Figure 4.1 shielding of an AC magnetic field applied in z-direction with an amplitude of 100uT and frequency 0.1Hz, z=0 is
the centre of the shield, a) z-component of the field, measured with the SQUID sensor, b) previous measurements with
Hall probe, black line indicates the edge of the shield not that the applied amplitude was higher than for the SQUID
measurements, c) full: solid line model prediction with perfect magnetic boundaries (B = 0), squares results SQUID
measurements translated 5mm to the left, dash dot line indicates the edge of the shield

The maximum measurable field of the SQUID (see paragraph 3.1.2) necessitated a difference
in the amplitude of the applied magnetic field between the SQUID measurements (amplitude=100uT
Figure 4.1a) and the previous measurements with the Hall probe ( amplitude=1mT Figure 4.1b). So
that they cannot be compared directly in terms of absolute field values. In the SQUID data (Figure
4.1a) there is a clear plateau around the centre of the shield, with a minimum value a little off-centre
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(z=5mm). This offset is assumed to be a measurement error. This minimum value gives a maximum
shielding factor of approximately ~970, i.e. just below the shielding factor of 1000 needed in the
Athena mission. Looking at the previous measurement (Figure 4.1b) it is seen that the magnetic field
reaches a maximum just outside the edge of the shield and then decreases again to the applied value.
These results are compared to the model (Figure 4.1c¢). To compare the SQUID measurements with the
model the measured data need to be moved 5mm to the left, in order to negate the off-axis mistake
mentioned above. It is observed that the minimum value seen at Figure 4.1a) is a lot lower in the
model but the point where the field profile goes through 1uT is approximately the same (z=35mm).

Next, the attenuation is studied as a function of applied field amplitude. First the shield is
demagnetized as described in paragraph 3.2.2. Then an AC magnetic field is applied in z-direction
which has a triangular wave shape with a frequency of 0.1Hz and an amplitude of 1uT. The magnetic
field in the z-direction is measured at centre of the shield (z=0). Then the amplitude of the applied
field is increased and the procedure is repeated. This is done until an amplitude of 100uT is reached.
The results are given in Figure 4.2

Attenuation CryoPerm shield
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Figure 4.2 attenuation factor against applied AC field, the AC field is a triangular wave with frequency 0.1Hz, SQUID
sensor positioned in the centre of the shield z=0

From these results it is observed that the attenuation factor increases with increasing amplitude
of the applied field. Presumably, this is an effect of the remnant magnetization of the shield. “A

dynamic susceptibility can be defined as yx, ac EZ—I:. Referring to Figure 1.6, if the shield is

magnetized the slope of the M(H) curve around the point H=0; M=M, will be low for low H-
amplitudes, effectively causing a relatively low value of p=1+y,. As the amplitude of the H increases,
a larger part of the M(H) loop is sampled, effectively increasing p and therefore yielding better
shielding”.

Next, the phase difference between the applied and measured field at different frequencies is
studied. An AC magnetic field is applied in the z-direction as a sine wave with a frequency of 1Hz and
an amplitude between ~75uT and ~95uT. Ideally, the amplitude would have been kept constant, but
the frequency dependence of the amplifier made that impossible. Measurements are taken at the centre
of the shield (z=0) using a oscilloscope and the phase difference is determined directly from the
oscilloscope screen. Now the frequency is increased and the procedure repeated. This is done until a
frequency of 100Hz is reached. The results are shown in Figure 4.3.
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Figure 4.3 phase difference against frequency of a magnetic field with a sine wave and an amplitude between 75uT and
95uT, solid symbols first run, open symbols second run

It is observed that the phase difference increases increasing frequency. Below ~1Hz, the phase
difference is virtually zero. From this it is concluded that there are no significant eddy current present
inside the shield below 1Hz, as explained in paragraph 1.1.3.

4.1.2 Remanence CryoPerm shield

In this paragraph, the effect of remanence of the CryoPerm shield is studied. First the shield is
demagnetized as described in paragraph 3.2.2. The magnetic field is then measured in all directions
with the SQUID sensor moving along the z-axis, using the potentiometer setup shown in Figure 3.4.
Then a field excursion of 100uT is applied in the z-direction (i.e. the external field is ramped to 100uT
and then back to zero). Now the magnetic field is again measured along the z-axis in all directions.
Noting that the SQUIDs do not allow absolute field measurements (see paragraph 3.1.2), we arbitrarily
take a reference point (i.e. we put “B=0") at z=140mm. This gives the results as shown in Figure 4.4.

39



Remanence CryoPerm shield
I S e e e e B B
Demagnetized (B =0;0=0;T=42K)

[

|

0.4

applied

0.3

—=— B, (run1) —=—B, (run2)

(140mm) (uT)

measured

= e
o -0.1 I
!
|
-0.2 . . T T R . T
0 20 40 60 80 100 120 140
z(mm)
b)
Remanence CryoPerm shield
0.4 T T T T T T T T TT T T T T T
| After 100 pT excursion (B, ., =0;a=0; T=42K)
3 0.3 A ‘ !
£ —
0.2 B
g — B
:_c 1 —a—B
cgg ]
N 00
. -0.1
-0.2

0 20 40 60 80 100 120 140
z(mm)

Figure 4.4 the dash dot line is the edge of the shield, black square Bx, red ball By, blue triangle Bz, solid symbols first run,
open symbols second run, a) demagnetized shield, b) after excursion of 100uT

It is observed that the excursion of 100uT has an effect on all 3 components of the measured
magnetic field. The CryoPerm shield is now magnetized so remanence is present. Using the
observation of paragraph 1.1.1 that a magnetization of a material can be described as a surface current,
a model of the magnetized CryoPerm shield is made. First it is assumed that the 2 CryoPerm cylinders
that form the shield are equally magnetized in the same direction. Then the magnetization of the
cylinder is described as sheet currents over the surface, with the current on the inner surface flowing in
the opposite direction from the one on the outer surface, as described in paragraph 2.2.1. This results
in a model as shown in Figure 4.5.
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Figure 4.5 model magnetized shield with both cylinders magnetized same direction, red arrow magnetization, blue arrow
current, solid line outer cylinder, dashed line inner cylinder

The analytical model for a magnetized cylinder (paragraph 2.2.1) allows to describe this
problem. This equation is used to model a cylinder which is magnetized in the z-direction:
- UoK z+ h, z
B(T‘=0,9,Z)=— —
2 IJ@z+h)?+R? z2+R}?

< z+he z )] ) (18)
- - Z
JEz+h)2+ R +d)? 22+ (R; +d)?

Since the shield is made of two cylinders, equation (18) needs to be used to model both the cylinders
individually after which they are simply added up. For the final result the values from Table 3.3 are
implemented into this equation and this gives the model result for the values of the axial field
component along the central z-axis of the CryoPerm shield magnetized in the z-direction.

The analytical approach leading to (19) is only valid on-axis. For a model for the field in the
X,y direction, a Comsoll model must be made as described in paragraph 2.2.2. Here the magnetization
of the shield is again described as a current over its surface, but now the magnetic field needs to be
measured 5mm off axis because the x,y SQUID’s measure 5mm off axis as described in paragraph
3.1.2. In the model it is again assumed that shield is magnetized in the z-direction and that the 2
cylinders of the shield are magnetized in the same direction. The results of these models are given in
Figure 4.6.
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Figure 4.6 magnetic field with equal magnetization in the same direction for both cylinders, the dash dot line is the edge
of the shield, a) Bz on r=0, b) Br on r=5mm

When Figure 4.6a is compared to Figure 4.4b, it is observed that the peak positions are not on
the same place. Qualitatively, when Figure 4.6b is compared with Figure 4.4b, it is observed that they
have different shapes. Presumably, this arises from the assumption that the cylinders are equally
magnetized. To create a correct model, a different magnetization between the outer and inner cylinder
needs to be assumed. This is done by using the analytical model from equation (18) to plot the peak
positions of the minimum and maximum peak compared to the magnetization of inner cylinder over
magnetization outer cylinder. From Figure 4.4b it is observed that the maximum peak for the magnetic
field in the z-direction is approximately at 72mm and the minimum peak at 102mm. This is
implemented into this plot which is shown in Figure 4.7.
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Figure 4.7 peak position of Bz over z-axis with r=0 over magnetization factor, black maximum peak, red minimum peak,
dash dot line peak position from Figure 4.4b, points peak position at magnetization factor -1

From Figure 4.7 it is observed that the correct peak positions are found when the inner
cylinder has approximately the same magnetization as the outer cylinder, but in the opposite direction.

The previous models are calculated again, but this time the magnetization of the inner cylinder
in the opposite direction. The results corresponding to this new situation are given in Figure 4.8.
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Figure 4.8 magnetic field with equal magnetization in the opposite direction for both cylinders, the dash dot line is the
edge of the shield, a) Bz on r=0, b) Br on r=5mm

When Figure 4.8b is compared to Figure 4.4b, they have approximately the same shape and
the peak positions are approximately on the same place. So these models seem to indicate that the
CryoPerm cylinders in the CryoPerm shield become magnetized in opposite directions. Why and how
this happens in reality was not tested.

Another effect of the remanence of the CryoPerm shield is the orientation of the remanent
field and especially the effect the weld has on the remanence. This is measured at the centre of the
shield (z=0). The welds of the two CryoPerm cylinders are aligned with one another at a fixed
position. This position corresponds to the y SQUID pointing approximately at 225 degrees. First the
shield is demagnetized, as described in paragraph 3.2.2. Then the magnetic field is measured in all
directions at centre of the shield (z=0) while the SQUID sensor is gradually rotated 360 degrees
around its central axis. Next an excursion of 100uT is once more applied in z-direction. The magnetic
field is again measured in all directions at centre of shield (z=0) while rotating 360 degrees around
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central axis. The reference point (B=0) is taken as the mean of the entire function. The results are
shown in Figure 4.9.
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Figure 4.9 line is fit when only a dipole and quadrupole are present in the magnetic field, a) demagnetized shield, b)
after excursion of 100uT

From these results, it is observed that the magnetic field at the centre of the shield (z=0)
seems to be unaffected by the excursion of 100uT, since no clear difference in value or shape is seen.
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Also, the shape of the By (a) profiles is surprising. It was expected to observe a homogeneous
field, generated by a “dipole” type of remanent magnetization current. But the measured shape has the
form of a “dipole/quadrupole” combination. This new shape is assumed to be an effect of the weld and
this is further tested via a simple model. The magnetic field and current distribution of a dipole and
guadrupole shape are illustrated in Figure 4.10. So now for the model a fit of a mixed
dipole/quadrupole is made through the data and the result is shown in Figure 4.9. These fitted lines
correspond to:

B,ie(r = Ry, 0,2 =0) = Alcos(e - <p1)+A2cos[2(9 — ‘pz)]

B

() +)

Figure 4.10 schematic illustration of dipole (a) and quadrupole (b) magnetic field and current distribution on a cylinder,
bleu magnetic field lines, black current, red cylinder

To model this, the analytical expression of paragraph 2.1.1 is taken (equation (19)).

_1 ad
B.(r,0,z=0) = — (EyInr + Fy) + z (Eer™t + For=®*D)sin[k(8 — )] (192)
r k=1
1 (oe]
By(r,8,z = 0) = (E,0 + GO); + Z(Ekrk—l — Fer=% D) cos[k(8 — ¢y)] (19b)
k=1

Together with the fit to the results in Figure 4.9, the expressions allow to model the current
distribution on the shield. Since it is known from paragraph 1.1.1 that a current distribution can be
rewritten as a magnetization, this shows actually the effect of the magnetization due to remanence.
This result is written out further in appendix B, which results in equation (29) for the current
distribution over the shield.

R
toJ (8) = —2A4; cos(6 — @) — 24, R—hC05[2(9 — ¢7)] (29)

R; is the radius the of the shield and Ry is the measurement position and it is assumed that the
shield is just one single thin walled cylinder. The constants from the fit of the B, field in Figure 4.9b
are taken and filled in(4; = 0.14,4, = 0.139, ¢, = 185.2, ¢, = 174.3,R; = 34mm, R;, = Smm).
This yields the current distribution over the wall as in Figure 4.11.
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Figure 4.11 the model result for current distribution on the shield with constants 4; = 0.14,4;, = 0.139,¢_ =
95.2 + 90,9, = 129.3 + 45, R; = 34mm, R, = Smm, the dash dot line is the position of the welds

As illustrated in Figure 4.10, this result can be seen as to rotating currents on the shield
opposite each other which create a magnetic field caused by the magnetization. With the information
that the welds are at position 225 degrees, it is indeed observed that at this angle there is an almost
zero current, so that a high magnetic field created there. This model thus predicts that at the weld a
high magnetization is created in the r-direction.

4.2 Nb shield

In this section, the measured data on the deep-drawn Nb shield (Figure 3.8) are presented.
Paragraph 4.2.1 compares the observed axial and radial attenuation factors to the FEM model
predictions as function of axial position, orientation and frequency.

4.2.1 Magnetic shielding Nb shield

First the attenuation along the central z-axis is studied with the field applied in the z-direction.
Through this section, z=0 is defined as the bottom of the Nb shield. First the shield is cooled down
with no external field present, to assure that no remanence is present as described in paragraph 1.2.2.
A reference point is taken at z = 3mm with no field applied. As discussed in paragraph 3.1.2, this point
is needed because the SQUIDs measure differentially. Now a field of 10uT is applied in the z-
direction and the magnetic field profile is measured along the central z-axis. Normalizing with the
applied field yields the attenuation factor. These results are compared to a Comsol model of the shield.
For this model, the dimensions of the shield from Figure 3.8 are taken with a gap between the inner
and outer part of 0.2mm.
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Figure 4.12 the axial attenuation factor along the central z-axis with applied axial field of 10uT along the z-direction, z=0

is bottom of the shield, blue squares are the measured results , blue line is a Comsol model with overlap of 9mm and gap
of 0.2mm

The agreement between the model and the measurements is reasonable: both profiles have
approximately the same shape, but below 60mm the measured values are a little higher than those of
the model.

Next the attenuation along the central z-axis is measured again but now with the field applied
in the x-direction. z=0 indicates the bottom of the Nb shield. First the shield is cooled down in zero
external field to avoid remanence. Then a reference point is taken at z = 3mm and a field of 10uT is
applied in the x-direction. The x-component of the magnetic field is measured along the central z-axis
and normalized with the applied field to get the attenuation factor. These result are then again
compared to the same model as before. The results are shown in Figure 4.13.
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Figure 4.13 the radial attenuation factor along the central z-axis, with applied radial field of 10uT along the x-direction,

z=0 is bottom of the shield, blue squares are the measured results , blue line is a Comsol model with overlap of 9mm and
gap of 0.2mm

Once more the model and the measured results have the same, but the measured values seem
to increase somewhat faster with height inside the shield than the model.

Next the magnetic field is studied in the presence of a radial applied field as a function of
orientation, with the SQUID sensor 20mm off-axis as described in paragraph 3.1.3. As indicated in
Figure 3.9, the external field is applied in the x-direction “x”- and “y” refer to the lab frame of
reference while “u” and “v” define at rotating frame of reference attached to the SQUIDs. First the
shield is cooled through its critical temperature with no field applied, so no remanence is present. Then
the SQUID sensor is placed at 40mm below the top of the shield (z=66mm). A reference point is taken
at a=0 with no field present. Then an external magnetic field of 10T is applied in the x-direction and
the position/orientation of the SQUID sensor is changed by rotating around the central axis, as
illustrated in Figure 3.9. After a full 360° scan, the process is repeated with the SQUID sensor 80mm

below the top of the shield (z=66mm). The results are compared to the Comsol model predictions in
Figure 4.14.

49



2.0 . i . .
] - x-field 10uT
- .
1.6 z=66mm
] . B
12 > & R=20mm - B, model
1 —— B model
0.8 \ - /‘ v
] \ /./ —— B, model
0.4 / / = B, measurement
o0 - ¢ B, measurement
m g4 A B, measurement
RV AR
12
- . .
16 \
] ® ®
2.0 . . . ] .
0 90 180 270 360
angle (degrees)
b)
10 - - |
08 x-field 10uT
] z=26mm
06 R=20mm : 5 del
j [ ] —_— mode
0.4 u
] —— B, model
0-2‘_ > —— B, model
= 00 L = B, measurement
m o ® B measurement
/‘ 4 B measurement
0.4 z
0.6 1//
08
-1.0 T T T T
0 90 180 270 360

angle (degrees)
Figure 4.14 magnetic field measured at different orientations with an applied radial field of 10uT in the x-direction while
SQUID sensor is 20mm off-axis, a=0 corresponds to the situations where the “u”- and “v”-direction in the reference
frame of the SQUID coincide with the “x”- and “y” direction in the reference frame of the lab. The points are the
measurement, the line is a Comsol model with overlap of 9mm and gap of 0.2mm, a) z=66mm, b) z=26mm

When the measured data is compared to the model, they have the same “dipole” shape (single
wave) with a maximum deviation between both of ~20% for z=66mm and ~35% for z=26mm. These
deviations, which thus seem to become relatively more important deep inside the shield, might be due
to residual remanence or to imperfect modelling of the “gap” region where the 2 parts of the shield
overlap.

It was feared that flux jumps, as described in paragraph 3.1.2, would not be obviously visible
in these results, so the experiment was repeated with a lower radial applied field of 1uT. With this
lower magnetic field, the flux jumps are relatively more important and thus easier to detect. The
results are shown in Figure 4.15.
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Figure 4.15 magnetic field measured with a field of 1uT applied in x-direction while SQUID sensor is 20mm of axis, a=0
the SQUID sensor “u” is 20mm off- axis in the x-direction. The points are the measurement, the line is a Comsol model
with overlap of 9mm and gap of 0.2mm, a) z=66mm, b) z=26mm

At z=66mm the measured results and the model profile have again the same general shape but
the maximum deviation between both has now become ~40%. Deeper in the shield at z=26mm (Figure
4.15b), even the qualitative correspondence has now been lost.

If the deviations between model and data come from imperfect modelling, we would expect
them to scale with the applied external field. The fact that their relative importance clearly increases
with decreasing external field, suggests that they are due to a remanence effect, as described in
paragraph 1.2.2. Even if the cool-down was made in an external field that was nominally zero, it is
assumed to be “frozen in” vortices which cause local problems.
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Next the frequency dependence of the axial shielding factor is studied. Data are collected at
z=26mm (80mm below the top of the shield) with the SQUID cube still positioned 20mm off-axis at
an angle of a=0 (i.e. the position as drawn in Figure 3.9). First the shield is cooled through its critical
temperature in zero external field so that remanence is minimised. Then an AC field is applied in the
z-direction as a sine wave with an amplitude of approximately 1uT and a frequency of 0.1Hz. The
magnetic field inside the shield is measured and compared to the applied field to determine the
attenuation factor. Also the phase difference between applied and measured field is recorded. Then the
frequency is increased in steps and the measurement is repeated until a frequency of 3kHz is reached.

The applied magnetic field amplitude is then increased to approximately 10uT and the
measurements repeated up to a frequency of 300Hz. The second measurements didn’t reach 3kHz due
to the voltage compliance limit of the power supply.

The results of these experiments are shown in Figure 4.16.

a)

0.0005
0.0004 \i\K
L}
© \E
% 0.0003 ——1uT
o 0T
% 2 oo B pppied - = 0.88~0.92uT sine wave (14T)
g B ppiesz = 7-9~9.7uT sine wave (10uT)
o T=4.2K
0.0001 R =20mm
o= 0‘ \.
z =26mm 1
0.0000 ANIERTETL N B Nt N N N 1] I S | N
0.1 1 10 100 1000
frequency (Hz)
b)
300 . -
Bapplied,z = 0|'88~0'92“T‘Sme wave (] HTV |
B, ppicaz = 7-9~9.7uT sine wave (10uT)
/
2009 —— 1T IT=42K
3 || ——10uT|R = 20mm
0]
2 100 a=0
S z = 26mm
() |
2]
©
i 0-p— - - " M/
-100
0.1 1 10 100 1000
frequency (Hz)

Figure 4.16 frequency dependence of the measured axial field deep inside the Nb shield, measured with 2 different
amplitudes of the axially applied sinusoidal field, a) attenuation versus frequency, b) phase versus frequency
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From Figure 4.16a it can be seen that with increasing frequency the attenuation becomes
lower and that no change is visible when a higher field is applied.

Figure 4.16b shown that at ~10Hz the “eddy currents” seem to begin to play a role causing a
phase shift. Again no clear difference is observed by increasing the amplitude. Note that these “eddy”
currents on first sight seem unexpected in a superconducting material (Meissner shielding should be
frequency independent) but may be explained in terms of the “two-fluid” model. At T#0, not all
charge carriers are paired into Cooper pairs and the remaining ‘normal’ electrons also exhibit an AC
response [7].

4.2.2 Remanence Nb shield

These experiments were done to confirm the effect of remanence on the superconducting shield,
as described in paragraph 1.2.2. With the shield above its critical temperature (so not yet
superconducting) an axial magnetic field is applied of varying strength. While the field is still applied,
the shield is cooled below its critical temperature so it becomes superconducting. Then the external
field is turned off and the magnetic field is measured along the central z-axis. The reference point is
taken at z=3mm so that a good comparison can be made between the remanence effect of different
fields, since the higher fields cannot be measured up to the same height as the lower fields due to the
maximum range of the SQUID discussed earlier (paragraph 3.1.2). The results are shown in Figure
4.17.
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Figure 4.17 the effect of remanence on a superconducting shield measured after different axial magnetic excursions
applied while going thought the critical temperature

It should be mentioned that the 100uT data were less stable than the other ones. This is assumed
to be an effect of applying a large field to the SQUID sensor. With geometric flux trapping as
described in paragraph 1.2.2, it is expected that with each step of increasing the applied magnetic field
with a factor 10 while cooling down, the measured remanent magnetic field will also increase by 10.
This is indeed observed in the data of Figure 4.17.

It is therefore concluded that geometric flux trapping clearly plays a role also with this type of
half-open shield geometries.
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4.3 1-D Ginzburg-Landau calculations

This section presents the results of the 1-dimensional GL simulation of the field-cooling through
the superconducting transition in the presence of T, variations. The goal of these calculations is to
verify the hand-waving requirement on the magnitude of the temperature gradient:

0.74¢, AT, ATAN3? 1 T,
LA o> (8% LT
AT, ~ |VT| VT T, 0.74 &, (13)
T
which was discussed in paragraph 1.2.4. If the temperature gradient is too small, the defect will
become “enclosed” by a fully developed order parameter before it becomes superconducting and this

normal ‘island’ will trap flux.
The GL equations described this problem have been derived in paragraph 2.2.3:

§(xq) =xq —

dz_f_a 2f+f_f3+T —ﬂ_fl—-}uf—uf?’]
duz 1—to+tudu 7 4(1—ty+Tu)? (26a)
—tolf = f31=0
d2a0
k2 ——+ apf? + Tuayf? — tyayf2 =0 (26b)

du?

These are the coupled non-linear differential equations for the amplitude of the order parameter f
(normalised to its zero-temperature equilibrium value ) and the magnetic vector potential aq
(normalised to ¢o/271&y). The reader is also reminded that u=x/&, is the normalized position, t,=T/T, the

normalized temperature and 7 = V;i the normalized temperature gradient (see appendix C-E). The
boundary conditions describing the problem are:

da da _ 0
dUuzo - BO’ dUuzoo B
df
auzo = b, f(OO) =1

To find the solution to the GL equations, the numerical iteration technique described in paragraph

2.2.3 is used:
i
r=bey @) A7 =17+ ()
j=0

1 df’ 1
-1 1 d] _fjpz—z
— Lo+ Tu; duy, (1 -t +Tu)

T

+uiff (27a)
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N
=1 z P A (27b)
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With the damping conditions:
f = chrew + (1 = fowar a = Cpew + (1 — 0)agy

The parameters taken for this model are: the magnetic field poH is 100uT, the coherence length &,
is 20nm, the GL parameter k=\/&, is 10, the critical temperature T, is 8K, the beginning temperature
Ty is 7.98K and the gradient of real part of the wave function b (b=df/du) is 0.005.

For the first model, the temperature gradient is taken to be zero and no defects are present in the
critical temperature profile. The initial starting guess needed for the iteration method is taken to
resemble Figure 2.6. The iteration recipe (equations 27a,b and 28a,b) is then repeated until the
maximum local difference between the old and the new function value is shorter than 0.001. The result
is shown in Figure 4.18.
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Figure 4.18 result of the GL model with no temperature gradient or defect in profile of T, T.=8K, B=100uT, T,=7.98K,
k=10,§,=20nm

Note that this situation does not yet describe the “cool-down” N/S interface that we seek to
simulate. Instead, f is forced to zero at x<0 so that this situation corresponds to the “text-book”
example of the behaviour of the field and order parameter at the surface of a superconducting sample.
However, since we expect f and B to behave qualitatively similar at the interface T=T. in the presence
of a thermal gradient, we can use this solution as a starting guess for a cool-down scenario. So next the
model is repeated, only now with a temperature gradient present. The same parameters and technique
as before are implemented this time with |VT|=6000K/m. This results in the function f(u) and B(u)
profile shown in Figure 4.19. Note that T, is still assumed to be homogeneous.

55



VT=0: AT=0 —B()
T TC (K)—- - 81

T (K)

1.0

100.0p

\

o 0.9+ ~50.0p E 79
o B
-7.8
0.8 — 00
T T T T = 77
0 500 1000 1500 2000
u (x/s,)

Figure 4.19 result of the GL model with temperature gradient and no defect in profile of T., T,=8K, B=100uT, T,=7.98K,
VT=6000K/m, k=10,§,=20nm

If the two models (Figure 4.18, VT = 0 and Figure 4.19, VT # 0) are compared, it can be seen
that the temperature gradient causes the “effective” coherence length and penetration depth to become
shorter. This is to be expected, since both £ and A are temperature dependent and become shorter at
lower temperatures.

The result with the temperature gradient (Figure 4.19) shows that the new technique as described
in paragraph 1.2.4 would work for a material with an uniform critical temperature.

Since it is not expected that such an ideal material exists a defect is placed in the critical
temperature profile. To model this, first the model as in Figure 4.19 is made. When this has converged,
the defect is brought in from the left in small steps. This is done in the model by either changing the
beginning temperature, the critical temperature locally or both. For each step a new model is present
which needs to be allowed to converge the initial starting guesses are each time the result of the
previous step. How the interface is modelled through the defect is illustrated in Figure 4.20.
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Figure 4.20 critical temperature profile with a defect in it, the black line represents the T (x) profile, red lines represent
successive T(x) profiles, the red dots indicate the position of Ty, the arrows indicate the way the temperature profile is

moving

This is now modelled with the following parameters of: poH=100uT, &=20nm, =10, T.=8K,
To=7.995K, the gradient of the magnitude of the wave function b (b=df/du) is 0, VT'=6000K/m, defect
length is approximately 2um (see Figure 4.20), defect T, level is 7.98K (AT.=0.02), defect gradient
(see Figure 4.20) is 5000K/m. Some of the calculation results are given in Figure 4.21.
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Figure 4.21 result of the GL model with a temperature gradient and a defect in the T profile, T.=8K, B=100uT, T,=7.98K,
VT=6000K/m, defect length=2000nm, defect level=7.98K, defect gradient=5000K/m, k=10,§,=20nm, a) starting position
no defect present, b) halfway through the defect level, c) halfway through the defect length, d) halfway through the
defect gradient, e) defect has passed through the interface but still is close to the interface, f) defect has passed through
the interface and is deep into the superconductor

In this specific example the new cooling technique does work as can be seen in Figure 4.21(a) to
f(f). The effect of the defect on the interface can be observed comparing Figure 4.21(a) with (e): it can
be seen that the magnetic field now deeper inside the superconductor at the interface and that the order
parameter also stabilizes later. Nevertheless, the f(u) and B(u) profiles qualitatively look the same as in
Figure 4.20 (simulation with AT.=0). More importantly, Figure 4.21(f) shows that B goes to zero deep
inside the superconductor: no flus is “trapped” inside the defect during cool-down.

However, this is just one choice of starting parameters and, specifically, of the defect shape. If we
want to validate the hand-waving argument from paragraph 1.2.4, we should also be able to simulate

the opposite scenario (i.e. flux trapping inside the defect) and show that transition between both indeed
occurs when |VT |Ti ~ %.
[ (o
The model with a defect in the critical temperature was therefore repeated with multiple other
starting values and found to converge as long as the defect gradient was smaller than the temperature
gradient. But in all cases where the defect gradient was larger than the temperature gradient, the model
broke down. This is because the temperature profile then crosses the critical temperature profile as

illustrated in Figure 4.22. At certain points, the temperature and the critical temperature are the same

values. Due to the factors 1% in equation (26a), an certain terms in the equation diverge in the
TTcw)

points. The iteration procedure cannot handle this and crashes, making the model ineffective for this

problem.
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Figure 4.22 temperature gradient smaller then defect gradient, black line T.(x), red line T(x), red dots indicate the points
where an infinite value would occur

Within the remaining time frame of the assignment, no solution was found for this divergence
problem, so that these calculations at the writing of this report remain inconclusive regarding the hand-
wavy formula.
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5 Discussion and conclusions

From the experimental results obtained with the simple double-walled CryoPerm shield, it is
concluded that shield remanence has a significant effect on the shielding factor and that the present
FEM model needs some work. More detailed conclusions are:

1) the simple FEM assumption “B; = 0 outside the p-metal interface” yields model predictions

which are in reasonable agreement with the measured data down to field values of ~0.1uT;

2) with the demagnetization procedure followed in this assignment (gradual decrease of an AC
‘demagnetizing’ field to a final amplitude of ~0.4A/m), remanent fields are of the order of
~0.1uT. subsequent field excursions to a ~0.1mT level causes on observably increase in the
remanent magnetisation;

3) the remanence of the p-metal shield is readily modelled analytically as straight forward
surface currents. The layout of these currents does seem to show some correlation with the
presence of a weld in the shield;

4) eddy current shielding in this metal becomes significant at frequencies above ~1Hz.

This leads to the general recommendations that if the CryoPerm shield is used in the Athena
mission, it should preferably be made without a weld and that problems may arise with remanence of
the shield if a high magnetic field is applied. Ideally, the FEM model needs to be improved to
incorporate a hysteretic M(H) relation if different shaped CryoPerm shields. Finally, as “magnetically
soft” u-metal as possible should be used, i.e. a metal with as low as possible coercivity.

From the data on the Nb shield it is concluded that remanence can also here be a problem and that
the “magnetic insulation” FEM boundary conditions (B, = 0) are not perfect:

1) the model and the measurement results for the attenuation as function of height and
orientation match up reasonably well. Differences between both are assumed to be due to
imperfect modelling of the gap between the two parts of the shield. This gap needs to be
taken smaller but this turns out to be difficult to model with reasonable FEM grids;

2) with increasing frequency, the attenuation increases and a phase difference appears between
the applied field and the attenuated one measured inside the superconducting shield. this
observation is reminiscent of the normal eddy currents and seems to indicate that for
frequencies above ~10Hz a two-fluid model might be necessary to predict AC shielding
factors correctly;

3) both ‘geometric’ and ‘microscopic’ flux trapping during cool-down are observed. The former
effect was clearly demonstrated, even when this shield has only one aperture (unless the gap
between the top cylinder and bottom ‘cover’ plays a role, which was not checked further).
The latter effect (vortex trapping) was observed as deviations of the order of ~0.1uT between
the predicted orientation dependence and the data. It should be remarked however, that also
here a role of the “gap” cannot be excluded.

This leads to the general conclusion that for the Athena mission the Nb shield needs to be in zero
field when cooled down, since geometric flux trapping may cause big problems, but also vortex
trapping might cause a local remanence in the range of ~100nT.

Finally, we comment on the GL model for the new in-field cool-down technique. From this
model it is concluded that the controlled field-cool technique will indeed work as long as the gradient

% of the defect is smaller than the overall temperature gradient VT. However, a new model should be
made to check what happens when the gradient of the defect is larger than the temperature gradient,
since the present approach leads to divergence problems.

However, the present model does indicate that also the ‘shape’ of the defect is important. The
hand-waving argument from the introduction says nothing of this shape of the defect, which appears to
be an important parameter in the GL modelling here. So the earlier formula (equation (13)) is not
complete and might need to be refined.

Apart from a more robust Ginzburg Landau calculation and a more refined hand-waving
approach, it is also strongly recommended that the controlled in-field cooling technique should be
tested experimentally to compare to the models made here.
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Appendix A: the magnetic field of an axially magnetized cylinder atz=0

Here an analytical model for magnetic field inside and outside a magnetized cylinder in cylindrical
coordinates is made.
This model is developed in cylindrical coordinates and in the horizontal symmetry plane, so that the
vector potential A has only a z component. This means that A(r, 0,z = 0) = A,(r, 8). Implementing
this into the vector potential equation (2) gives:

B(r,0,z=0 —VxA—ldAZ“ dAZé

(r,6,2=0)= “rade’  ar

This indicates that here there is no z component in the B field or z dependence in the centre of the
shield. And using one of the Maxwell equations u,J = V X B (1a). Realizing that there is no current
inside or outside the cylinder (so J=0 inside and outside the shield) gives:
1 [d(ng) dB

Mo](r.9.2=0)=v><3=; ar a0

(A1)

]z“ = 0 (inside or outside the shield) (A2)

Now these two results are combined:

1[d(rBg) dB, dBy dB, d4, d?A, 1d?%A,
N o gy S Y T L 0% (ag)
r| dr do dr  dof dr dr? r d6?
Now the separation of variables method is implemented (4,(r, 8) = R(r)0(0)):
1
~—R'© —TR"0 ——RO" =0 (A4)
Now multiplying the entire equation by %z
RI RII @II
— 42 4= A5
->7r R +7r R + 0 0 (A5)
A separation constant of k is applied:
RI RII G)”
42— — 2 A6
-7 R +r R o k (AB)
With this separation constant R and ® can be written out separately:
->1?R" +rR — k?R (AT7a)
L 0"+ k20 (AT)
Luckily these differential equations (ODES) have standard solutions, which are:
Or=o = Ag0 + By and 0;,o = Aycos[k(0 — ¢;)] (A8a)
Ry—o = Colnr + Dy and Ryyo = Cpr* + Dpr* (A8b)

Now a general solution for A, is made:

A,(1,0) = (4,0 + By)(Colnr + Dy) + Z A (Cr™ + Dir ™) cos[k (6 — gi)]  (A9)
k=1
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With this and equation (2) a general solution for B is determined:

Ao 1 N
B.(r,0,z=0) = T(CO Inr + Dy) — ;z Akk(Ckrk + Dyr k)sm[k(@ — )] (Al0a)
k=1

C (o]
Bg(r,0,z=0) = —(4,0 + BO)?O — Z Ak(kark_l — kar_(k“))cos[k(Q — )] (A10Db)
k=1

Now these equations can be simplified using the definitions of E, = —AyCy, Fy = —AyDy, Gy =
—CoBy, Ex = —ArkCy, F, = —A kD), which leads to the final result of:

-1 e
B.(r,0,z=10) = — (Eolnr + Fp) + Z(Ekrk‘l + Fr =% )sin[k (8 — ¢p)] (19a)
k=1
1 [00)
By(r,8,z =0) = (E,0 + G,) ~+ Z(Ekrk‘l — Fr=®*D)cos[k (8 — ¢;)] (19b)
k=1
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Appendix B: quadrupole/dipole model current distribution on shield

Here the current distribution for a thin walled cylinder caused by remanence is determined.
First equations (19) are taken.

_1 d
B.(r,6,z=0)=— (EyInT + Fy) + Z(Ekr"“1 + Fr = D)sin[k (6 — ¢p)] (19a)
r k=1
1 [ee]
Bo(r,0,2 = 0) = (Eof + Go) —+ Z(Ekrk-1 — Fer= % D) cos[k(8 — ¢y)] (19b)
k=1

In case of the shield a few boundary conditions need to be applied. The first one is that inside the
shield the solution needs to remain finite when r—0, so this means that inside the shield Eq=Fq=Gy= 0
and F,= 0 for all k:

B,.(r,0,z = 0) = Z Er*tsin[k(0 — ¢;)] (Bla)
k=1

Boi(r,0,2 = 0) = )" Eyrcos[k(6 - ¢i)] (B1b)
k=1

The second boundary condition is that outside the shield at r—oo the solution must also remain finite,
so this means that outside the shield E, = 0 for all k:

_1 had
B.o(r, 0,z =0) = — (EyIn7 + Fy) + Z For=0+Dsin[k(6 — @) (B2a)
r k=1
1 (o0}
Bo(r,0,2 = 0) = (Bg0 + Go) - = Y Fer™*+Dcos[k(0 — p,)] (B2b)
k=1

From the measurements the radial field is taken at a distance of r=R;. This results is in the form of a
dipole and quadrupole combination, so the results will have an output like this:

Byfit(r = Rp,0,z = 0) = A;sin(6 — ¢1)+A4,sin[2(6 — ¢,)] (B3)

This can be implemented in the previous solution for inside the shield. This gives E; = A4, E, = 42

Rp
and E, = 0 for k>2:
r
B,i(r,0,z=0) = A;sin(60 — ¢,) + A, R—Sin[2(9 — ¢3)] (B4a)
h
T
Byi(r,0,z =0) = Ay cos(0 — @) + 4, R_hCOS[Z(H — ¢3)] (B4b)

For this model the assumption is made that the shield is a thin-walled cylinder with radius r=R;. With
this assumption the equations for the inside of the shield can be connected to the equations for the
outside of the shield. For the equations for the outside of the shield it results in E, = Fy =0,F; =

4
AR%F, = A, g—; and F,= 0 for k>2:

2 3

R R. /R
Bro(r,0,2 = 0) = 4y (=2) sin(0 — @) + 4, 2> (=) sinl20 - @)]  (B5)
T Rp\r
GO Rs 2 Rs Rs 3
Boo(r,0,2=0) == = 4 (=2) cos(0 = p1) = 4, 2> (=) cos2(0 - p)]  (BSH)
h
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Both these results can be combined together with equation (1a) to find the current distribution J in the
0-direction on the shield itself.

G R
o (z=00,7 = Ry) = R—° — 24 cos(8 — ¢1) — 24, 7> cos[2(0 — p2)]  (B6)
h

S

Gy should be zero else a net current will pass over the shield which is not assumed here, so the final
result is:

R
tol (6) = —2A4; cos(8 — ¢,) — 24, R—hCOS[2(9 — ¢2)] (29)
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Appendix C: complete derivation of the Ginzburg Landau energy equation

Here the Helmholtz free energy equation will be used to create the GL equations.

The derivation here is made with help from [8, chapter 6.2, 6.3].

First the Helmholtz free energy equation deep inside a superconductor with homogenous boundary
conditions is:

1
F=E, +ay?+ Ebz/f* (C1)

This will be expanded to an expression of the free energy density at point r, which is then integrated
over the volume to have the total energy. Since y depends on the position, a kinetic energy term would

be expected in form of £, = 2;* 5 |“. P is the momentum operator (p = —ihV):

(C2)

1
F) = fut alpl? +5bII* +

Also for this model a magnetic field is present. This will add two changes to the equation: first the
momentum operator is modified to incorporate the presence of the magnetic field (p = —iAV — e*A),

Secondly the energy of an applied field will be added (Ey,qg = 23_2 - ”°2H‘2’):). This results in;

—ihV — " Y| + (20)

1 2

F() = fu+ alpl? +5blpl* + 2 o
Ho

B is the field created by the super currents and the By is the background field (constant).

Now to get the GL equations, the minimum Helmholtz energy is needed with respect to y and A. First

we consider y, by taking the energy equations derivative to y. Since y is a complex function here it

must be derived to either y or y". The one chosen is " and the derivative is written out below:

F1) = o (o alOI? + BI04 5|07 = e Al + B _mHS) o (cy
dzp* n 2uy 2
Now all the derlvations are taken separately'
A VI AL B AL
dw*f" dzp*all’ qp 20t Gy g (Y — e A+ o a2
—ihV —e* )PP +0—0 (C4)
This gives the final result of:
ay + b|y|2y —ihV —e*A)|2Y =0 (21a)
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Now the energy equation derivative is taken with respect to A:

d d 1 1 B?  uyH3
— = 24 - 4 —ihV —e* 24— =0 C5
/0 =— (fn + Al +ZbYI* + S|V — e PP+ == ) (C5)
Again the derivations are taken separately:
d d d1 d 1 d B> d ugH3
_ s 2 _ 4 _ 3 ¥ 2 -
=l T g vl T g bl g g (IR — e e
— 04040+ L (ihv— e )y (—inv — ea) ]+VXB 0
= 1Az i e AP (—i e A e
1 VXB
= ——[—e"Y"(—ihV — e*"A)Y — e"P(ihV — e"A)YP*] + (C6)
2m Ho
Then the relation J = V:B is used and everything inside the brackets is written out.
0
e*
= — o= [V iRV — e AR + PihVy" —e"AlpI*] +] =0 )
This gives the final result of:
e*ih e*?
= — “Vih — PVp*] — 2 (21b)
J ==V — VY] - — Ay
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Appendix D: Ginzburg Landau equations rewritten with 1-dimensional
wave function and vector potential

Here the GL equations for the 1-D wave function and vector potential used in the GL model are
derived.

All the work done here is done with help from the books [7,17,23]

The equations and definitions below are the starting point:

1
@+ bIp|p + 5 |(~ihV — e"A) % = 0 (212)
= e*ih[ v VY] e’ Aly|? (21b)
= o [V vy - o — Al
Together with the assumptions:
A= Ay(x)y
Y, y) = Yoo f ()P | f = real part, 8 = phase, o, = constant (D1)

U] =VXB=VXVXA > ] =—-V?A(x)
And the definitions:
d%6 dao —a h? m* A

h
_ZOI_:k) o = 7 2= i/lzz—f == = — D2
dy? dy v b ¢ 2m*a toe P2 * & Po e* (D2)

0 =ky,

The assumptions here are that the vector potential is only x dependent and in the y-direction (4 =
A, (x)y) and the order parameter in the form of Y(x,y) = Yo f (x)e®®) with f the real part of the y

which is x dependent and 6 as the phase which is linearly y dependent (6=ky). Now the GL equations
are written out with these assumptions separately.
First these assumptions are written in the first GL equation (21a):

) | .
SO (1Y + Ay (09) Yo f (e + s ()10

zm’ T _ (D3)
+ B[ oo f ()| Yoo f (20D = 0

The (ihV + e*A, (x);‘z)2 term will now written out but since A is only defined in the y direction and A
depends only on x a V- (4,(x)y) = dAdLy(x) = 0. But y depends on y so when the wave function is

present V - (4, (x)#) can be written as A, (x) ;—y. This leads to:

L [—hZVZ + Zihe*Ay(x)% + (e*Ay(x))z] Voo f ()00 + arh,, f(x)e 0D

2m* . 04)
+ DYoo f () |20 f (x)e0D)
Now the function 1., f (x)e™® is put into the differentiations:
1 _ J | i |
= om [—hzvz(wmf(xwm) + 2ihe” 4, () o (Y f ()€7) + (e'ay() wmf(x>ew<y>] o5

+ Ao f (£)€?D) + bltpen f () Pheo f ()€ 00
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The phase 0 part of the wave function will have only y derivatives and the real part f will only have x
derivatives. So now these functions can be written out:

d? 2,i0(y)
= Zrln* [_hZ( i0(y) = Yool M woof(x) n wwf( )d elvV ) _ Zhe*Ay(X)lﬁmf(x)eie(y)%(y)
D6)
+ (e*Ay(x>) wmf(x)eie(y)] + @too f ()00 + bltheo f () [P1hio f (x) 0D
Now the ZY) is written out:

_ ! { [dzl”“’f D papeo (”) + i )ng(y)] o0

— 2he" Ay (X) oo f (x)e D) di—;y) + (e*Ay(x)) Yoo f(x)eit?(y)} (D7)
+ Ao, f (1)) + bl f () 2o f ()€ = 0

The e®®) parts can be taken out of entire equation which leads to the result below.

1 @ (ef () 0(y) d?g (y) o (y)
ﬁ%{—h [T wmf()( ) o f () l—zn Ay G f () ==

(D8)
+ (e, )’ wmf(x>} + @ f () + bl f (PP f () = 0

dao

Using the assumptions for the phase (6 = ky, dyz =03

L {e[Een

= k):

Yoo f (k)% + (oo f 0] — 2he* Ayo fk + (67 A) oo f} + apo.f

2m*
+ bYoof P e f
R Pef) | Y . o (Do
o T (hk — e*A)?f + aPoo f + Yoo f|* P f =0  (D9)
Now the entire equation will be divided by parameter a:
h® &) ! * D10
mo gz Ty (k= e Ao f +ef + - Iz/)oofl Yof (O10)

f needs to be taken out of the brackets:

W dEWef) | N (k e’

" 2m*a dx? 2m*a

)wwf+¢oof+ [Yoof *pf (O

Now using the definitions of 2 = — 52

, o =— " and the fact that the parameter a is
2m* |a| e*

negative so |a| = —

d* (o 2
= §2 Sizf)_&(k ¢0 )lpwf+¢oof Voo 3 (D12)

Now ¢ is put back into the square giving the final result as:

d* (W 218 \?
gfczf) - (‘5" - EA) Yoo +Weof = Weof* =0 (22a)

2
; %o

71



Now the two assumptions (A = A, (x)y and Y(x,y) = VYoo f (%) D)) are written into the second GL
equation (21b).

-t [(¢mf(x)e‘9(y)) V(o f ()e09) = Y f )OOV (oo f (1)e0)']
Ay ()P f ()80
S —*’@)v(w f(x)e“’(”) Yoo )OOV (oo f (e 0)]
(D13)
Again the differentiations are written out:
lhe 2f(x)e —19(y)< j;gcx) + if (x) %(y)) 16Y)
(D14)

, do
- 700 (L2 - i 2 000 - Lo, (S O

All the e~ and e®®) terms cancel each other out since e 10O x () = 1;

(f() f()ﬂ>—<¢w)f()(&—f()w>]

ih

do d do *2
e )[&+ O RU(CE 2 | B NN D

In the equation above it is visible that the % terms will cancel each other out:

()

*2

Ay O Wef () (D16)

e e 2 4 s ]

Now the Y f (x) term will be taken out of the brackets:

_ he* (dO(y) dO(y) o*2 .
_[Zm*( o T dy )‘m* Ay ()| (Yoo f (1))

[he do(y) e*?

— 4,0 (Yo f ()’ (D17)

m* dy m
Using the equation poJ = —V?A(x) and implementing that into the left part of equation (21b) gives:

noJ=-v2A@) 1 d*A,(x) [he do(y) e

" W— — Ay (x )] (Woo f (x))?

Uo dx? m

LEAE [e*z a0 =

dx?

do
4 )] W f (1))? (D18)

Again implementing the definition of % = k and then bringing everything to the left side:

dZA he*
ozt 1o, ok =0 (D19)
Now getting the e”, m” and the & out of the brackets:
dzA e*h e*
S s [k= 2 a] 2 (D20)
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Multiply the f? part by i:

d?A e'h A e’hl e” 5
S I T [ —*gww e
This is then rewritten using definitions of 12 = o wz ——, ¢ =
d?A  h 1 2m€ 1., d*A ¢ 2né 1,
—W+W§[5"‘— ]f ax? zmz;[f ‘—A]f =0
Then bringing all the parameters to part
an/lz d?A & 5
g @ T4 =0

Finally using the definition k = ’—1, this gives the final result of:

2mé(k€)? d?A

ot * (6= Gy ] =0

(D21)

(D22)

(D23)

(22b)
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Appendix E: Ginzburg Landau equations with explicit temperature
dependence

Here the GL equations are written out with a temperature dependence.

All the work here is done with help from the book [7].

For this model a temperature profile is added to the system. The temperature is taken to be T, at x=0
with To<T. and has a negative temperature gradient of —VT. This gives a temperature profile of:

T(x) =Ty — VTx (E1)
The temperature dependence of parameter a is known. This is in the form of:
T
a«(i—1> (E2)

This form was taken out of the book [7, ch.3]. Since & and ;s are both depend on parameter a they are
rewritten as:

5 h? 1
= o
d 2m*lal {_T (E3)
Cc
vh =212 (E4)
b T,
To simplify further the temperature profile (T(x)) is written out into & and iy With the definitions
— TO X
to =7 =2 fo:u—go
£ o 1 B 1 B 1 B 1 B 1
T —VIx . (T, VT \ - T, ,VT_ VI& 1—t,+1u (ES)
1 T 1 (Tc Tcx) R R 1__+_E_ox 0
Ty — VTx T, VT T, VT T, VT¢
2 0 =1 (2 =1 -2 =10 20 1
P2 o 1 T 1 (Tc Tcx) 1 Tc+Tcx 1 T+Tfox 1—ty,+1u (E6)
Now the constant before the temperature dependence is taken to be the value at T=0. This results in:

_ So
E_,/l—t0+ru0 E7)

Yoo = Poooyy 1 — g + TU (E8)

Now the GL equations (22a,b) will be rewritten using the new & and ., which are now x dependent.
First equation (22a) will be rewritten with the new & and ...

2a) _ d*(Pef) 2méE \*
2 g = (k=S A) Yf + e —Yf* =0 €9)
First w;”f ) s written out:
d? Ay, df d?*Pq
- 52 l/}oo dszc (;/:C di: l/) f] k __A) lljoof + lljoof - lpoof?’ (ElO)

74



dpoo _ 1 vr _1
The x dependent of iy Will be written in with i ifiterm T A T 3
(1-to+Tw)

1 Yoo VT Yoo _ 1 Yoo (V_T)Z.
2 \Te/

d?*f Yoo Vrdf 1 Yoo VT\?
— 2 _ -
=& Yoyl t0+wdx2+22 Tt tou T dx 4 3<Tc)f

— (fk — 2¢L€A> Yoo/ 1 — to + TUf + PYooo/1 — g + TUS
0
— Yoo/ 1 — to + TUf3

Now g4/ 1 — tg + Tu is taken out of the brackets:

— Vrdf 1 1 VT
= {¥heno 1—t0+ru[ 1—t0+ruTa_Z(1—t0+Tu)2 f]

- (fk - ¢—A> Yooor/1 — to + TUF + Peoo/1 — to + TUF (E12)
0
— Yoo/ 1 — to + TUS3

and everything is divided by ¥ ,94/1 — to + TU:

d*f 1 Vrdf 1 1 VT\? 2mé \° B
St T TR T e AT (T f]‘<fk‘¢—oA> frr-f=0 (E9
o

1—to+TuU

(E11)

will be written in:

Now the x dependence of § =

+
dx? 1—ty+tu T, dx 4(1—ty+ Tu)?

21azf 1 Vrdf 1 1 (VT>2f]

$o
<,/1 —tp +Tu>

(E14)
2
_<Lk__nf—014) f+f—f3
J1—to+tu o J1—ty+1u
Jltlﬁ is taken out of the brackets:
—to
_ $o 2d2f+ 1 VTdf 1 1 (VT)2
- [1—ty+7u) |dx* 1—to+tu Todx 4(1—¢tp+Tu)? !
1 ? 2 5
() (sok =2 t0) £ p - 1
V11—t +Tu bo
& f, 1 VIdf 1 1 (VT>2
T 1—tot+rtuldx? 1-—to+tu T, dx 4(1—ty+Tu)? f
1 21 z s (E15)
—m(fok—%fofl) f+f=f"=0
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Now everything is multiplied by 1 — ¢, + Tu:

2 [4f 1 VTdf 1 1 VT2 or A2
- & [dxz+1—t0+ruT_CE_Z(1_toTu)z (f) f]—(fok—%§0A> f
+A-to+mw)f —A—tp+Tw)f?=0
d2f

5 ( P A>2 L2 1 VT df
ezt _ - 4
o dx? o ¢Ofo f 4% 1—ty+tu T, dx

2 —
—$o fzm (Tc) +(A -t +T)(f —f3) =0

Then the definition T = VT—Tfo is implemented:

d2f 2 \2 . df 1 (1)?
W‘(fo"‘afof‘) T Tmar it —t 02 (E17)
+(A—to+m)(f = f3) =0

2
- &

Now rewriting it as the old part with T,=0 and VT = 0 plus the part with t and part with t:

d? 2 2
b0 5= (sok — o) 47 =

s 1 df 1 T .\ 5 - (25a)
T[foma—fzm uof —uof?| —tolf — 71 =
Also implementing the dimensionless variables u = ? ay = &gk — Zf‘) A gives the final result of:
0 0
d*f 5 2 1 af 1 s
reAL A A A Ferserev it Y cumperey i A ] (262)

—tlf - f°1=0
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Now the same is done for equation (22,b):
(22,b) 2 (k€)? d?A
¢o  dx?
First the x dependent form & is written in:
2mK? & >d24 2m
~ oo <m> dx? [m o m

Now ———— is taken out of the brackets:
1-tg+tu

+ [Ek - Z)—TA]fz — 0 (E18)

]fz (E19)

21m8o

A] f2=0  (E20)

21K 3d2A
_ 2mx < $o ) [fok—

b0 \J1—ty+1u dxz V11—t +Tu

The entire function is multiplied by /1 — t, + Tu:

27TK2 fo > dZA 1 27'[60
- .1- k———A|f?* =0
t0+7u{ bo <,/1—t0+1u dx2+,/1—t0+ru[€0 bo ]f}
2¢ 3 2 42
N 2K 50 < 1 > d<A n I:Eok T[fo A] f2

bo J1—ty+Tu dx?
2mK2éy> 1 d?A 21
= o + [Eok _ 2% A] f2 (E21)
b0 1—ty+Tudx? do
This is multiplied by 1 — ¢ty + Tu :
2mc2§ d?A 2mé,
o 2+[1—t0+ru][€0k— OA]fZ—O (E22)
Now again rewriting it as the old part with To=0 and VT = 0 plus the part with t and part with t;:
2K, d2A 21,
k — A] 2 [ -t [ =0 (29
bo  dx? [fo o e+ Tuo o 0]%o (25b)
Implementing the dimensionless variables u = ? ay = &gk — Zf‘J A gives the final result of:
0 0
2 d*aq 2 2 2 26b
—K W-l_%f +tuagfc —toagf =0 (26b)

77



Appendix F: numerical iteration method to solve the 1D Ginzburg Landau
equations

The numerical technique used is of own design and is described here.
First an integral is taken from 0 to oo of the derivative of f:

f F@)du’ = f(o0) — £(0) (F1)
0

Now either point (0 or o) can be changed to variable u and the theory will still apply. In this cause
f(o0) (f(o0)=1) is known so 0 is changed into u. This results in:

f) = f) - [ fande =1~ | fa)du (F2)
The integral is then written numerically:
N
fi = 1—Zf’jAu (F3)
j=i

The same trick can be applied to the second derivative of f only now f*(0) (f’(0)=b) is known so « is
changed into u. This results in:

j fr@hdu’ = f'(0) = f'(0) = f'(W) = £'(0) + f fr@du > fy=b+ Y s (F4)
0 0 j=0

Since the second derivative of f is known from the first Ginzburg Landau equation (equations (26a)) it
will be implemented:

rr=bey @) =7+ ()
j=0

1 df 1
el e
—to t Ty dy (1 -t +Tuy)

T

+ufP — uj(;j.”)Sl (27a)

+aofff - (ff)g}] b

N
fip+1 =1— ijp+1,Au (27b)
j=i
With this, a solution f for the GL equation can be found. This is done by implementing an initial
starting guess for f (f*) and using the equations above to calculate a new function for f (f**%). Only an
initial function for f needs to be known. This is taken to have the form of f as seen in Figure 2.6.
Now this same trick will be done for o with the known boundaries of a() (a(e0)=0) and a’(0)

(a(0)=Bo):

o N
f a'(w)du' = a(o) —a(0) - a(u) = a(wo) — J- a'(w)du' - a;=0— Z a'jAu (F5)
0 u j=t

f a'whdu' = a'(0) —a’(0) » a’'(u) = a’(0) + f a"wdu' - a'; =, + Z a’jAu (F6)

0 0 j=0
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Now the second GL equation (equation (26b)) is implemented:

L
a7V = ot 3 [ () +ra (7)ol (77) |
=0

N

+1 +1
af :—Za]p "Au

j=i

Again the form of the initial function for a can be found in Figure 2.6.

(28a)

(28b)
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