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Abstract 
This Master thesis studies losses in superconductors. Losses arise when the superconductor 
carries alternating current or is placed in an alternating magnetic field. As most power 
applications involve at least one of the two, loss mechanisms and magnitudes are important 
when examining the possibility of making superconductor systems competitive to 
conventional power systems. 
 
There are two parts to the task at hand. The first part is a literature study on superconductivity 
and AC losses in superconductors. A division between two general types of superconductors 
is presented; type I and II. The Bean model for AC losses in type II superconductors is 
described, together with equations giving the power law between generated losses and applied 
magnetic field. In the Bean model, the losses are proportional to the applied field cubed below 
a limit called the penetration field. Above it, the exponent changes to one. Losses due to 
coupling of filaments are also treated. The measuring setup used in the AC loss experiments is 
calorimetric, and the principle behind the method is presented. The superconductor used, 
magnesium diboride (MgB2), is introduced. The literature study is concluded with short 
résumés on other AC loss studies done on MgB2, and studies done on one type of high 
temperature superconductor.  
 
The second part is measuring AC losses due to an applied alternating magnetic field in two 
superconductor samples from different manufacturers. Specific information on the two 
samples, details on the measuring system, preparations and the measuring procedure is 
described. The logged data and equations used when processing the results are also listed. 
Measurements have been performed at six different temperatures; 25, 28.5, 30, 31.5, 35 and 
45 K. The magnitude of the applied magnetic field was varied between 3 and 150 mT. Both 
parallel and perpendicular field directions were applied. Generated losses lead to a 
temperature increase in the superconductor. The rise in temperature was detected as increased 
resistivity of a thin copper wire glued onto the sample, as the copper resistivity is temperature 
dependent.  
 
The obtained results are examined in double logarithmic (loglog) and normal axis diagrams, 
where the main aim is to find loss slopes and penetration fields at the different temperature 
levels, and to compare these to the Bean model loss equations. In addition, the results are 
compared to theoretical loss equations for cylindrical conductor geometry. This is done in 
order to look at the accuracy of the fittings and to compare the penetration fields obtained 
here to the ones found in loglog diagrams. The results have also been compared to various 
studies on MgB2 and other superconductor types.  
 
The measured loss slopes at fields below the penetration field, found from loglog diagrams, 
do not fit the Bean model. The slopes are here lower than the applied field cubed. At fields 
greater than the penetration field, losses are proportional to the applied field, as in the Bean 
model. Two reasons for the deviations have been discussed; measuring errors and losses being 
coupling losses. Even if the measuring errors may be considerable due to human reading 
errors, they would have to be systematic for the losses to fit the Bean model. This is the 
reason why measuring errors are seen as unlikely to be the grounds for the non-fitting results. 
The results do also not fit the coupling loss slope and as only one field frequency has been 
used, the obtained results are not enough to support or reject this theory.  
 
Due to the deviation from the Bean model loss slopes the curve fittings to the cylindrical 
conductor loss equations were mostly poor, as they have the same loss slopes as the Bean 
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model. The penetration fields found from loglog and normal axis diagrams and the curve 
fitting are not equal. It is establish that the ones found from loglog diagrams should be used.  
 
Two of the other studies done on MgB2, which have been summarised in the thesis, fit the 
Bean model, and the last case did not. The authors found no explanation to the non-fitting 
results, and have ruled out coupling losses as a viable reason. Studies on the other type of 
superconductor also represented both cases. Here, some non-fitting results were explained by 
coupling losses. When comparing loss magnitudes, only one of the samples used in these 
experiments had as low results as found in two other studies.  
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1 Background 
A superconductor is, according to one source “an element, inter-metallic alloy, or compound 
that will conduct electricity without resistance below a certain temperature.” [1] This holds 
for direct current, but energy is dissipated when a superconductor is placed in an alternating 
magnetic field or is carrying alternating current. [2] Superconductors may be split into low 
temperature superconductors (LTS) which can be used around the boiling point of helium, 4.2 
K, and high temperature superconductors (HTS) operating above the nitrogen boiling point of 
77 K. Superconductivity in the form of LTS was discovered in 1911 and in 1987 HTS was 
discovered. [3]  
 
When comparing superconducting systems to conventional systems it is important to consider 
electrical properties, mechanical strength, processibility, stability and price. [3] Chen et al. [4] 
have listed a number of power applications where HTS may be able to compete with 
conventional power systems if certain factors are improved;  

• Cables: Superconductor cables may carry higher currents than conventional cables due 
to lower losses. The voltage levels can thus be reduced. Today, AC losses in 
superconducting cables are too high, and insulation, joints and terminations need to be 
improved. Developing the necessary cooling system is also a great challenge. 

• Transformers and motors: Superconductor systems would reduce the losses, volume 
and weight compared to conventional systems. An over-loaded superconductor does 
not experience accelerated aging. The problems lay in the fact that the maximum 
current carrying capacity is reduced when the conductor is placed in a magnetic field. 
There are also high AC losses at coil ends.  

• Fault current limiters. These components utilise the transition between the 
superconducting state and the normal conducting state; under normal conditions the 
superconductor has next to no resistance, but when a fault current arises, the resistance 
increases instantaneously. Conventional current relays have far longer time constants. 
Fault current limiters are the closes to reaching the market.  

 
As superconductivity occurs at very low temperatures, a great deal of the cost of 
superconductor systems is the installation and running of the cooling system. The efficiency 
in these systems decreases with decreasing temperature. The superconductors operating at the 
highest temperatures (HTS) are thus preferred for use in power application as this reduces the 
power dissipated in the cooling system. [3]  
 
Today, superconductors are used in magnets, magnetic resonance imaging (MRI) and nuclear 
magnetic resonance (NMR), all niche products. These are made of cylinder or tape shaped 
LTS with one or more filaments, mainly embedded in copper or silver. Scanlan et al. [5] 
claims that “as a whole, LTS conductors are used for applications where few or no 
conventional alternatives exist, while HTS materials must compete against copper in electric 
power technology, where cost pressures are almost always significant.”  
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1.1 Aims and structure of the study 
There are two aims of this study. One is to, through a literature study, get familiar with 
superconductivity and losses in superconductors. The second is to perform measurements on a 
relatively new superconductor; magnesium diboride (MgB2). MgB2 is chosen as only a 
limited number of similar studies have been performed previously on this kind of 
superconductor. The measurements will be performed on samples from two different 
superconductor manufacturers. AC losses due to an alternating applied field are to be 
measured in a calorimetric setup. The field magnitude and direction will be varied and 
measurements will be performed at several temperature levels. The AC loss results are to be 
presented in loglog diagrams to search for penetration fields and power laws between the 
superconductor losses and applied field magnitude. These will be compared to conclusions on 
the same factors drawn from normal axis diagrams. The penetration field will be further 
discusses on the basis of the results being compared to AC loss equations for tape shaped and 
cylindrical conductor geometries.  
 
The experimental part has several limitations. The range of temperatures is limited; 
measurements are done at six different temperatures ranging from 25 to 45 K. Two field 
directions are applied; parallel and perpendicular. The field magnitude is restricted by the 
current carrying capacity of the outer circuit cables and the temperature rise in the 
superconductors. The field frequency is given by the outer circuit current source.  
 
The first section of the thesis describes superconductivity, and the background for splitting 
superconductors into two types. The Bean model for current density and magnetic field 
penetration in superconductors when in a time varying field is described. The section also 
includes AC loss equations. Coupling between superconductor filaments and the losses this 
generates follows. The focus is then moved to the basis for the experiments; the principle 
behind calorimetric measurements and some general information on the superconductor used, 
MgB2. Results from other AC loss studies done on this kind of superconductor are included, 
so are results on other types of superconductors as well, for the purpose of comparing to 
measured results.  
 
The second part of the thesis first describes the superconductor samples used in the 
experiments. Then, the measuring system configuration, preparations that had to be made 
prior to the experiments and the procedure during measurements are presented. The logged 
data and the formulas used for their processing are also listed. The subsequent chapters are 
results and discussion.   
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2 Superconductivity and AC losses 
The superconducting state is limited by critical temperature (Tc), critical current density (Jc) 
and critical magnetic flux density (Bc). Bc is called magnetic field in the reminder of the 
report, except for in Chapter 2.1 where the relation between magnetic flux density and 
magnetic field is used. If either one of the three factors is exceeded, the material is no longer 
superconducting. The sketch to the right in Figure 1 is a much used definition of critical 
current density. Jc is the current density when the voltage is 0.1 µV/cm. To the left in Figure 1 
is shown the superconducting surface for niobium-titanium. On the inside of the surface the 
conductivity is supra and on the outside it is normal. As is seen here, the three mentioned 
properties which limit the superconducting state influence each other. If, for instance, a 
superconductor is placed in a magnetic field, the critical current density decreases. [6]  

 
Figure 1 To the left: the three dimensional surface limiting the superconductive state for NbTi. [7, p 2] To 
the right: a much used definition of critical current density. 
 

2.1 Behaviour in a magnetic field 
Superconductors are split into type Ι and ΙΙ, where the difference between them is their 
behaviour when placed in a magnetic field. This is sketched in Figure 2. In the figure, the 
solid lines correspond to type Ι superconductors, and the dotted lines to type ΙΙ. When a low, 
constant magnetic field is applied to a superconductor of type Ι, complete Meissner effect 
occurs (Figure 2 a: the magnetization shows perfect diamagnetism). This means that eddy 
currents are generated in the surface. These expulse the magnetic field and it does not reach 
the interior of the conductor (Figure 2 b: the flux density is zero below Hc). If the critical 
magnetic field (Hc) is exceeded, the conductivity becomes normal (Figure 2 c: the resistivity 
goes from zero to a constant value). When a type II superconductor is placed in an external 
field there is an intermediate state in addition to the full Meissner effect and the normal 
conductivity states. If the applied field is low, the behaviour is as for type I, but in stronger 
fields (H>Hc1) flux lines penetrate the conductor (Figure 2 b). The sample is still 
superconductive when the field inside the conductor is greater than zero. When the applied 
field is increased further, more flux lines enter the sample. The conductor stays 
superconductive until the upper critical magnetic field (Hc2) is reached and its conductivity 
becomes normal (Figure 2 c). Type II superconductors can thus carry current inside the 
conductor when in the intermediate state. Type I only carry surface currents. [6]  

J

0.1 µV/cm 

Jc 

V 
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  a)    b)    c) 
Figure 2 a) Magnetizing, b) magnetic flux density and c) resistivity in type I and II superconductors  
 
When the flux density inside the conductor is greater than zero, flux lines, called vortices, 
have entered into the conductor. Each vortex carries a flux quantum (Φ0) equal to  

 15
0 2.07*10 [ ]

2
h Vs
e

−Φ = =    ( 1 ) 

where h is the Planck constant and e the electron charge. [2] 
 

2.2 Critical state model 
Superconductor AC losses and electromagnetic behaviour are described by the ’critical state 
model’. This is summarized here for a tape of thickness 2a along the x-axis and much larger 
dimensions along the y and z-axis. This is shown in Figure 3 . An external field, By, is applied 
to the tape along the y-axis.  

 
Figure 3 Tape of width 2a and far greater height and length. Applied field By and induced currents Jz  
 
No magnetic field has been applied to the conductor, and the field inside the conductor is zero 
everywhere. The applied field is first ΔB. This induces current in the surface seeking to 
counteract changes in the magnetic field inside the conductor. The induced current has 
opposite flow directions on either side of the tape and creates a magnetic field of opposite 
direction of the applied field. [6] The current density in the conductor cross-section that 
carries current is equal to the critical current, see Figure 4 a). When the field is increased, the 
current density goes beyond Jc, but as the conductor then has normal conductivity, it decreases 
resistively back to Jc. [7] Current density equal to Jc also gives the least magnetic field 
penetration. [6] The flux density is higher closer to the surface, as seen in Figure 4 a).  The 
current density in the conductor is given by Ampere’s law:  
 0 [ / ]c T mμ× =∇ B J   ( 2 ) 

where µ0 is the permeability of free space. [2]  

x 
z 

y 
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Hc2 Hc 
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Magnetic flux density 
B 
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magnetic field 
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The applied field when the magnetic field reaches into the middle of the superconductor is 
called the penetration field,  

0 [ ]p cB J a Tμ=   ( 3 ) 

and is shown in Figure 4 b). At this point the entire cross-section is carrying critical current. 
[2] The same sketch illustrates that the current stays the same even if the applied field is 
increased above the penetration field (for H<Hc2). When the applied field is decreased, the 
field inside the conductor starts to change along the surface of the conductor, and this is also 
where the current flow changes direction first, see Figure 4 c). The situation in Figure 4 d) is 
when the current is completely reversed. Figure 4 d) also exemplifies that the field inside a 
superconductor is history dependent, and thus hysteresis losses. At this point, the entire cross-
section carries current, but the applied field magnitude is not equal to the negative of the field 
in Figure 4 b). The reason for calling this the ‘critical state model’ is that the different tape 
sections either carry critical current or no current. 

 
      a)       b)  

 
         c)       d) 
Figure 4 Magnetic flux density and current in the superconductor tape when a) the applied field is ΔB, 
starting with zero vortices inside the conductor b) the applied field equal to the penetration field (lower 
field graph) and applied field greater than the penetration field (upper field graph) c and d) the applied 
field is decreased  
 
The situation where both current and magnetic field is applied to the superconductor is 
depicted with dotted lines in Figure 5. The applied current is called transport current and has 
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the same flow direction on either side of the superconductor. When this is increased to the 
degree that the entire cross-section carries critical current density in the same direction, the 
superconductor is saturated. If the transport current is further increased, the conductivity 
becomes normal.[6]  

 
Figure 5 Magnetic flux density and current in the superconductor tape when it carries transport current 
 

2.3 AC losses 
Losses are generated in the superconductor when the conductor carries AC transport current 
or when the applied field varies with time, which includes both when changing from one DC 
level to another and applying an alternating field. [6] There are two ways of viewing the 
losses. One is based on vortex movement. Vortices in the superconductor are pinned with 
pinning forces to structural defects in the material. For instance do boundaries between metal 
and superconducting material exert such forces on the vortices. [8] When the applied field 
changes, Lorenz-forces act against the pinning-forces. If the Lorenz-force acting on a vortex 
is greater than its pinning force the vortex moves to a new equilibrium position. This 
movement is viscous and generates losses by generating heat. [6]  
 
It is also possible to view the AC losses by considering the current in the superconductor. As 
mentioned in the previous section, the current density goes beyond the critical current density 
when the field is increased. It then decreases resistively back to the critical current density. 
AC losses are thus resistance losses. The resistivity is not linear and therefore not dependent 
on the cycle time. The losses are thus hysteresis losses. [7] 
 
The hysteresis losses are influenced by the geometry of the superconductor, the direction of 
the applied magnetic field and the penetration depth. A smaller superconductor cross-section 
area gives less hysteresis losses. [3] The AC hysteresis losses were first calculated by Bean 
[9] for the geometry and applied magnetic field direction shown in Figure 3. The equations 
are 

3
0

0

0
0

2 ,
3

2 2( ),
3

p

p
p

Q B
B

B
Q B B

μ

μ

=

= −
       

0

0

p

p

B B

B B

<

≥
  ( 4 ) 

where Bp is the penetration field and B0 is the maximum applied field (peak values). The 
losses are given in Joule per cycle and unit volume ([J/(m3*cycle)]). [10] In general, the losses 
may be rewritten to  

By 

Jz 

+Jc 

-Jc 

B0 
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2

0

( )
2

peakB
Q β

μ
= Γ  ( 5 ) 

where Γ(β) is the loss function and β=Bpeak/Bp, where Bpeak equals 2*B0 in equation (4). Bpeak 
and Bp are thus peak-to-peak values. The greatest losses occur for β=1. When β is small there 
are losses in the surface of the superconductor, and when β is large the applied field is greater 
than the penetration field. The last case is more interesting as it is most useful in 
superconductor AC applications. [3]  
 
In Table 1, equation (4) is rewritten to the form of equation (5). The loss equations for a 
cylinder shaped superconductor are also shown in the table. Both equations are valid for 
parallel applied magnetic fields. 
 
Table 1 Loss equations for tape shaped and cylindrical superconductors in parallel field [11] 

Sample geometry Q [J/m3] 
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3 Filaments and coupling 
A cross-sectional sketch of a superconductor tape is shown in Figure 6. The superconducting 
filaments are embedded in a matrix which is placed in a sheath. The matrix is included for 
improvement of the thermal stability and mechanical properties of the superconductor. [12]   
 
 

 
Figure 6 Cross-section sketch of a superconductor tape 
 
When an alternating field of the direction depicted in Figure 7 is applied to a superconductor, 
currents are induced in the sheath, matrix and filaments. The induced currents in the 
filaments, as described in Chapter 2.2 are called screening currents. The currents in the sheath 
give eddy current losses and ohmic losses are generated by the induced coupling currents 
between the filaments. [13] These losses may greatly increase the total AC losses. [7] 

 

 
Figure 7 Sketch of two filaments and the coupling currents flowing between them  
 
The coupling and screening currents seek to screen the superconductor from field changes. [7] 
The magnitude of the coupling current, among others depends on the length of the filaments. 
When the filament length is increased, the area enclosed by the coupling current becomes 
larger, which increases the coupling currents. If the length is greater than a certain limit, the 
coupling current magnitude equals the current carrying capacity of the conductor and the 
filaments are fully coupled. When the filaments are fully coupled, they all act together as one 
and there are no individual screening currents. Losses are decreased if there is less coupling. 
This may be achieved by twisting the filaments, which reduces the effective filament lengths. 
[13]  
 
In the article ‘A general treatment of losses in multifilament superconductors’ A.M. Campbell 
has sought to find the factors that influence the AC losses by generalizing loss relations. The 
coupling losses described there are for copper. The main influence on these is the system time 
constant and the conductor geometry. The time constant is defined as  
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 0B B Bτ= −
i

  ( 8 ) 

where B0 is the applied field, B the internal field, B
i

the rate of change of flux density and τ 
the time constant. The loss per unit volume and cycle is  

 
2

30
2 2

0

[ /( * )]
(1 )

n BQ J m cycleπ ωτ
μ ω τ

=
+

  ( 9 ) 

where n is the shape factor. The equation exhibits that the coupling current losses are 
proportional to the applied field squared and also depend on frequency. If ω→∞ the coupling 
losses go to zero and the dominating losses are hysteresis losses. [14] 
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4 Basis for calorimetric measuring system 
The general principle of the calorimetric measuring system used in the experiments reported 
here is comparing the temperature rise in the conductor when placed in an alternating 
magnetic field to a reference temperature rise given by a known heater power. The heater is in 
close proximity of the conductor. The dissipated power for small temperature variations [2]:  

* [ ]AC AC
AC

c mP T W
t

= +
+

  ( 10 ) 

where c and m are the heat capacity and mass of the sample, respectively, ΔtAC is the 
measuring time interval and ΔTAC is the temperature rise during this time. The equation is 
valid for small temperature changes. The temperature rise due to the heater is 

[ ]
*

heater heater
heater

t PT K
c m

=
++   ( 11 ) 

where Pheater is the power dissipated in the heater. Combining these gives 

[ ]AC heater
AC heater

heater AC

T tP P W
T t

=
+ +
+ +

  ( 12 ) 

The temperature rise in the conductor is measured by measuring the change in resistance in a 
thin copper wire glued to the sample.  
 
Above a certain temperature there is a linear dependence between resistivity and temperature:  

20 (1 ( 20 )) [ ]mρ ρ αΘ °= + Θ− ° Ω   ( 13 ) 

where ρΘ is the resistivity at temperature Θ and α is a constant which depends on the material 
and is in the region 4*10-3 K-1. [15] Tables of resistivity versus temperature exist (Appendix 
1), and by comparing these values to the equation above it is found that the linear expression 
is not valid below about 150 K. Graphs showing this are found in Appendix 2. A comparison 
of the real resistivity versus temperature dependency compared to an adopted linear 
relationship of the 25 K resistivity rate of change is in the same appendix.  
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5 Magnesium diboride 
Magnesium diboride (MgB2) is the superconducting material used in the experimental studies. 
In 2001 it was discovered that this compound is superconducting below 39 K. [16] It is thus a 
type II, intermediate temperature superconductor. The molecular structure of MgB2 is as in 
Figure 8. The most common way of producing MgB2 superconductors is the powder-in-tube 
method. An example is Columbus Superconductors’ ex situ (pre-reacted Mg and B to MgB2) 
method. They use MgB2 powder in nickel tubes. These are cold-worked into long wires. 
Several of these wires are placed together inside another nickel tube, again cold-worked and 
end up as tape for DC use. Ending the process is a heat treatment. This is necessary to obtain a 
high critical current density.[17] In DC MgB2 superconductors the sheath in Figure 6 is 
typically a ferromagnetic material such as nickel or iron. When these are placed in an 
alternating magnetic field, hysteresis losses are generated. Other sheath and matrix materials 
must thus be used for AC applications.  

 
Figure 8 The MgB2 molecular structure; the larger spheres are magnesium atoms [18]  
 
Various studies have been performed on magnesium diboride in order to enhance the 
superconductor properties. Results from a few of them are cited here. Flükiger et al. [19] have 
compared different production methods and found that the critical current density is 
influenced by aspects such as “the details of the deformation process, the quality and size of 
the powder particles and the annealing temperature and time”. Pinning may be improved by 
making modifications to the structure or microstructure. The best sheath material for MgB2 is 
iron as the MgB2 and iron hardly react. Nickel and nickel alloys react more with magnesium 
diboride. Rowell [20] has studied the resistivity of various MgB2 samples and has found that 
it varies greatly, which is very unusual at such low temperatures. Yang et al. [21] states that 
many studies have been performed in trying to develop MgB2 bulk materials and conductors 
for practical use, and this has lead to a “significant improvement” in MgB2.  
 
A paper from the round table discussion at the 19th International Conference on Magnet 
Technology states that three aspects of MgB2 needs improvement before it might replace 
Nb3Sn in high field magnets. These are: increased Hc2, the quality and price of conductors 
must be improved and Jc needs to be higher than for competing superconductors. The first 
point (Hc2) is already accomplished. The last (improved Jc) seems possible from present 
studies. The article claims it is likely MgB2 may be used in niche products, e.g. “NMR/MRI; 
high-energy physics; high-field research; semiconductor material processing (…) fusion and 
MAGLEV”. With much improvement it can possibly also enter a wider market. Table 2 lists 
the necessary improvements needed for various applications. The numbers in parenthesis are 
today’s values, FOP the frequency of operation, B the operating field strength and JE the 
engineering current density. Figure 9 shows an MgB2 superconductor manufacturer roadmap 
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for future development and aims. [22] As is seen from the figure, prospective mass production 
still lays a few years ahead.  
 
Table 2 Frequency, magnetic field and engineering current density needed for MgB2 to compete in the 
markets listed. [22] 

 

 
Figure 9 A Hitachi roadmap for MgB2 development [22] 
 
Various other articles have views on the potential applications at which magnesium diboride 
may be used:  

• superconducting fault current limiters [21]  
• electric motors, magnetic field screening apparatus and variable inductor/resistor [23] 
• may be able to compete with LTS wires. The main advantage is the low price on 

magnesium and boron. [5]  
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5.1 Results from various studies on MgB2 
In this section, various studies on MgB2 are cited, and the emphasis is put on AC losses and 
the power law between loss and applied field, i.e. the n in Q α Bn. 
  
Lou et al. [24]  
The experiments are performed in order to find what influence temperature, frequency and 
AC and DC magnetic field magnitudes have on the bulk sample losses. The results are 
compared to HTS and LTS studies and the AC loss mechanisms in MgB2 are discussed. The 
superconductor matrix is tantalum and the sheath quartz. The AC field equation is 
B(t)=Bd+Bac*cos(2πft), where Bd is varied up to 7 T and Bac between 6.5 and 91 µT. The 
frequency is 80 Hz to 9 kHz.  
 
The AC loss results drawn in Figure 10 show that the loss slope goes from B2 via B1.8 to B1.2. 
The authors do not know why the results do not follow the B3 to B slope given by the Bean 
equations. Their conclusions are that the AC losses depended on the applied field frequency. 
This is the same conclusion as studies done on HTS (Ag-Bi2223) and LTS (NbTi). The 
dependence between AC losses and applied field amplitude is also similar to those of HTS 
and LTS.  

 
Figure 10 Magnetizing losses in bulk MgB2 samples. Loss slopes are written in the diagram. [24]  
 
Yang et al. [21] 
The article presents measurements done on MgB2 wire and bulk samples at temperatures 
between 25 and 40 K and applied field up to 0.2 T. Figure 11 displays AC losses in different 
geometries. The upper left graph shows the losses in a flat plate in a perpendicular field of 
frequency 59 Hz. The solid lines are H4, and the results were expected to follow this field 
power. The constant results at high fields were not expected. The upper right graph is for a bar 
and shows a different loss slope. The solid lines are H3, which is the loss’ field dependence in 
a cylindrical conductor, and it seems likely it may be used on a square-shaped sample as the 
height-to-width ratio is 1.5. Their overall conclusion is that the losses depend on geometry. 
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Figure 11 AC losses in different geometries [21]  
 
Ginuchi et al.[23] 
The study is performed in order to find the dependence between MgB2 grain size in bulk 
materials and AC susceptibility, magnetic cycles and magnetic screening. The authors claim 
the grain boundaries do not influence the critical current in MgB2, but the grain dimensions 
may. In Figure 12 it is seen that two of the samples have penetration fields greater than 1 T, 
while the others have Bp at far lower fields, out of bounds of the measurements. One of the 
grain sizes showed a B3 slope; see Figure 13. This figure also shows good agreement with 
another study, shown in the figure. The authors’ conclusions are that different boron powder 
starting points give similar results.  
   

 
Figure 12 Losses for four different MgB2 grain sizes [23] 
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Figure 13 Losses in one grain size compared to results from another study [23]  
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6 Results from various studies on Bi2223/BSCCO 
superconductors 
The results from studies on other types of superconductors may be used to compare the loss 
magnitudes and power law dependence between applied field and AC losses to MgB2. 
 
Magnusson[2] 
The doctoral thesis describes an AC loss measurement setup, measurements and a model for 
AC losses, partly with basis in the measured results. The setup is the same as the one used in 
this study. Results from magnetizing measurements on two different BSCCO/Ag tapes are 
shown in Figure 14. As is seen from the diagrams, low field losses are measured at a high 
frequency: 507 Hz, and high field losses at a lower frequency: 47 Hz. Losses in both tapes 
follow the Bean equation power law well.  
 

 
Figure 14 Magnetizing AC loss results in two different BSCCO/Ag tapes an different temperatures [2] 
 
 
Rabbers [13] 
The doctoral thesis studies analytical models and looks at which models may be used for Bi-
2223/Ag. In Figure 15, AC magnetizing losses are compared to calculations and a model. As 
can be seen, losses are about one order of magnitude greater in a perpendicular field, but the 
general behaviour is similar for the two field directions. At low fields with perpendicular 
direction the slope is close to B3.2, and in parallel field B3. At high fields the loss slope is B. 
The results follow the model reasonably well. 
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Figure 15 Magnetizing losses in Bi-2223 tapes [13]  
 
Inada et al. [25] 
The study is done on Bi2223 Ag sheathed tapes with resistive barriers (Ca2CuO3). The aim is 
to examine their AC magnetizing losses. Each sample is 10 mm long, the applied field is 
varied between 1 and 50 mT, and the frequency between 40 and 125 Hz. The Bean model 
equations for a slab are used for comparison. The results are shown in Figure 16. The authors’ 
conclusions are that the losses depend on frequency and that the decoupled filament samples 
almost follow the theoretical equations. The barrier free samples have far higher losses.  

 
Figure 16 Magnetizing losses found in the study [25] 
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Polak et al [26] 
The study treats Bi-2223/Ag tapes and filaments. Magnetization losses for three single 
filaments are shown in Figure 17. The rate of change of magnetic field is 0.75 mT/s. The 
results at low fields are proportional to B3 and high fields B. The authors claim the high field 
dependence should have been B0.  

 
Figure 17 Magnetization losses for three single filaments [26] 
 
Su et al. [27] 
Several square and round Bi(2223)/Ag wires with different twist pitches were prepared, and it 
is sought to find the geometry and twist length influence on the AC losses. Figure 18 presents 
AC magnetizing losses for a flat tape and two square conductors. The loss slope is written in 
the figure. As can be seen, the tape has the highest losses. The authors claim that round and 
square configurations and twisting all have positive influence on the losses.   

 
Figure 18 Magnetizing losses in square Bi(2223)/Ag wires [27]  
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Fang et al. [28]  
The article presents measurements done in a perpendicular field on Bi-2223/Ag tapes of 
different aspect ratios to find the geometry influence on AC losses. The various sample results 
at two different frequencies are shown in Figure 19. The left graph shows the losses at 
frequency 30 Hz are proportional to B2 for low fields and B for higher fields. The low field B2 
slope is explained as coupling losses. The graph to the right for frequency 270 Hz has Q 
proportional to B3 and B for high fields. The authors claim the frequency used here does not 
give coupling losses and the measured losses are thus hysteresis losses. It is the conductor 
with the smallest aspect ratio which has lowest losses. 

  
Figure 19 Aspect ratio and the influence on hysteresis losses [28]  
 
Witz et al. [29] 
The authors have measured on square Bi,Pb(2223) /Ag superconductors, looking at AC losses 
and comparing them to theoretical equations. The results for two conductors are presented in 
Figure 20. The left graph is for perpendicular field and the authors claim the conductor is 
saturated or close to saturation from coupling currents at low fields. The graph to the right is 
also for perpendicular field. Here, various twisting pitches lower the losses, compared to the 
untwisted case. This conductor is not saturated. The overall conclusion is that square and 
round superconductors may be interesting to use in fields where a perpendicular field 
component is present.  
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Figure 20 Square conductor AC losses in perpendicular field [29] 
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7 Measuring losses due to applied alternating magnetic 
field 
The chapter starts with a summary on the data on the two samples used. Following this is a 
description of the measuring system, preparations necessary prior to performing 
measurements and the measuring procedure. The chapter is concluded with a presentation on 
the logged data and the performed calculations.  

7.1 Superconductors used in these experiments 
Superconductors from two manufacturers – the Italian Columbus Superconductors Spa and 
the American Hyper Tech Research, Inc – were used in the experiments. Superconductor data 
are listed in Table 3 . Appendix 3 is critical current versus field in the Columbus conductor at 
20 K. An analogous graph for a sister conductor of the Hyper Tech superconductor is also 
included. The Hyper Tech sample went through a heat treatment after being received, and the 
recommended and performed heat treatment profiles are shown in Appendix 4. 
 
Table 3 Superconductor data 
Manufacturer Number 

of 
filaments 

Twisted Barrier 
material

Matrix/ 
Sheath 

Cross-section 
dimensions 

Length 

Columbus 7 No Nb 60%Cu,40%Ni 1.74*1.76 mm 
→ 3.06 mm2 

44 cm 

Hyper Tech 7 No Nb Cu30Ni/ 
Cu30Ni 

Ø 0.83 mm  
→ 0.54 mm2 

48.5 cm 

 

7.2 Measuring system 
Figure 21 is a cross-sectional sketch of the system used for measuring losses due to an applied 
alternating magnetic field. The figure is not to scale. The outer barrier of the system was the 
cryostat, made of fibre-glass reinforced epoxy. The superconductor holder was fastened to the 
cold head of the cold pump and the superconductors were glued onto the holder. In order to 
achieve good thermal connection between the cold head and the samples, there were copper 
tapes in the holder. The samples were placed in vacuum. To radiation shields, one horizontal 
under the holder and one vertical were included to minimise the heat penetration from the 
surroundings towards the sample. Super insulation was glued onto these. The upper cryostat 
half was mounted onto the lower before the measurements could start. The magnetizing coils 
were placed inside the vessel created by the upper half of the cryostat. This was also where 
liquid nitrogen was poured when the experiments were running.  
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Figure 21 Cross-section sketch of cryostat, magnetizing coils and superconductors 
 
Figure 22 is a sketch of the current in the magnetizing coils and the corresponding field 
configurations. Each field direction was made by three series connected coils. Changing from 
one field configuration to the other was done by interchanging between the main connections. 
The applied field was a sine of frequency 50 Hz and the magnitude was varied in the range of 
3 to 150 mT. When ‘low’ and ‘high’ fields are mentioned in the reminder of the chapter it is 
meant within the applied field range. 
 

 
Figure 22 Parallel and perpendicular fields. Dots means current coming out of the paper, crosses is 
current going into the paper.  
 
The outer circuit connected to the magnetizing coils is drawn in Figure 23. As the 
magnetizing coils were mainly inductive, partly cancelling this out was done by placing a 
capacitor bank in parallel with the coils. 
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Figure 23 The circuit connected to the magnetizing coils 
 
An equipment list is found in Appendix 5 

7.3 Preparations 
The following section describes what was done before the measurements could start.  

• Old glue on the superconductor holder was sanded away. New superconductors were 
then glued to the holder using epoxy glue (a mixture of STYCAST 2850 and 
CATALYST 24 LV, with ratio 100 gram to 7 gram). The lengths of each of the 
superconductors were somewhat less than half the holder circumference.  

• Copper wire of diameter 0.1 mm was glued (GLV Cryoengineering, IMI 7031 
Varnish, Low temperature adhesive) onto the conductors, each back and fourth two 
times. As the Hyper Tech conductor was cylindrical, the copper wire was wound 
around it. A heater was also glued onto the conductors. This is a resistance alloy 
(Manganin®) of diameter 0.05 mm. A sketch of the Columbus conductor on the 
holder with wires glued onto it is shown in Figure 24.  

 

 
Figure 24 Columbus superconductor, copper wires and heater 
 

• The holder was then screwed to the cold head (as shown in Figure 21) and current and 
voltage connections were soldered to the heater and copper wires.  

• One of the current wires soldered to the heater was connected to a switch where the 
three possible positions were: calibration settings, base settings and open switch. The 
‘calibration and base settings’ outputs were connected to individual power supplies.  

• Voltage, current and thermo element wires were connected to 20 channel multiplexers 
that went into a data acquisition unit connected to a pc with data logger software. The 
user interface is called virtual oscilloscope for the reminder of the report.  

• Thicker copper wires marked H1+, H1- … H4+ and H4- were soldered to each of the 
four copper quarters on the underside of the holder, shown in Figure 25. By applying 
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voltage to one of these, the temperature at this quarter was increased (when 
necessary). As is also seen in Figure 25, numbered thermo elements were glued to the 
two conductors. The positions of the numbers indicate whether they were glued on the 
side facing in or out of the holder. As the thermo element wires were not long enough 
to reach across, fewer thermo elements were connected to the Hyper Tech conductor. 
Figure 26 is a close-up sketch of how most of the thermo elements were placed. It is 
showed that they were placed in between ‘holder fingers’. 

 
Figure 25 Placing of thermo elements onto the two superconductors 

 

 
Figure 26 Close-up sketch of placing of thermo elements on the superconductors  
 
Figure 27 is a picture of the holder with the superconductors glued to it, and copper wires, 
heater and thermo elements glued onto them is. The red wires are thermo elements.  
 

 
Figure 27 Picture of the holder and superconductors with copper wires and thermo elements glued onto 
them 
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7.4 Measuring procedure  
Before the two cryostat halves were put together, all wiring resistance values were measured. 
These were controlled regularly during the assemblage to discover any open circuits. The 
measuring procedure for this particular setup, Figure 21, was as follows.  

• After the cryostat was assembled, the vacuum pump connected to the cryostat was 
turned on. A low pressure of less than 0.1 mbar was sought. If the system cannot reach 
this low pressure, a leak is present, must be found and removed. When the system was 
cooled the pressure should be below the manometer scale.  

• Before cooling the system, calibration measurements of the copper wires were taken. 
A desired copper wire base power was set.   

• The cooling pump was then turned on and liquid nitrogen was poured into the vessel 
created by the cryostat. The system was left to cool and the thermo element readings 
were logged. If the difference between them is large when they stabilized, i.e. several 
degrees, power may be supplied to one or more of the copper quadrants, leading to a 
local temperature increase. When a satisfactory temperature difference was attained 
experiments could be performed.  

• A particular copper wire temperature could be set by adjusting the heater power. The 
copper wire resistance had been found at room temperature (293 K), and by using 
tables of resistance ratio versus temperature, the resistance at the desired temperature 
was calculated. (A more detailed description in found in the next section.) This was 
obtained by adjusting the heater power.  

• Before the AC loss measurements could be performed, a series of calibration 
measurements were done. The power source connected to the ‘calibration settings’ 
position of the heater switch was set to a desired calibration heater power. When the 
system again was stabilized at the base level, a series of measurements were done. The 
heater switch was turned to ‘calibration’ for a specific time period (10, 20…60 
seconds). During the measuring, the voltage and current in the heater were logged. 
Right after a measurement the voltage rises in the copper wires were recorded. Prior to 
the next measurement voltages in the copper wires were attempted returned to their 
base levels.  

• The AC loss measurements were then done. The desired field configuration main 
wires were connected to the outer circuit shown in Figure 23. The current in the coils 
was changed by adjusting the output from the variac. The current was turned on and 
off by a manual switch. The time period the current was flowing was measured by 
using a stop watch, and for short time intervals also by reading off an oscilloscope. 
The voltage rises in the copper wires were logged. After each measurement, the 
copper wire voltages were attempted returned to their base levels.  

 

7.5 Processing of data 
The data collected, the calculations needed and the corresponding equations are listed below. 
All data processing was done in Matlab.  
 
Before cooling: 

• Copper wire voltages (Ucu,293K) and current (Icu,293K) were logged. These were used to 
calculate the reference resistance (R0,293K) at room temperature (293 K).  

 ,293
0,293

,293

[ ]cu K
K

cu K

U
R

I
= Ω  ( 14) 
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During cooling: 
• Thermo element voltage levels were registered. Interpolating in tables of voltage – 

temperature coherence (Appendix 6) gave the individual temperatures.  
When cooled: 

• Initial voltage (U) and current (I) values for the copper wires were noted. Together 
with R0,293K and resistance ratio – temperature tables (Appendix 1) the copper wire 
temperature (T0) was found.  

  

0,293 0
0 0

0 0 0,293
0

293
0,273

0

(293 )
* ( )* ( ) *

(293 )

(293 )

K

K

K
K

R KR RR R UU I T TRR R I RKR
Rwhere RR KR

= ⇒ =

=

 ( 15 ) 

By reversing the calculation the system could be set at a desired temperature. Then, 
the temperature had to be decided, its corresponding resistance value was found and 
the needed copper wire voltage was calculated.  

During calibration measurements: 
• Copper wire and heater voltages and currents were logged both with the heater switch 

set to ‘base settings’ ( , ,,cu heater basis heater basisI andU I ) and to ‘calibration settings’ 
( , ,,cu heater calibration heater calibrationandU U IΔ ). The time Δt was also noted. These were 
used to calculate the resistance rise in the copper wire and the heater energy input. 
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Δ Δ

 ( 16 ) 

The heater input powers used in the first calibration series were attempted used in all 
calibration series.  

During AC loss measurements: 
• Logged data were copper wire voltages and current, rms current in the magnetizing 

coils (Irms), time interval (Δtn) and voltage increases in the copper wires.  

 
(1 )* [ ]
1peak rms

B AB I T
A

=   ( 17 ) 

The peak field magnitudes for 1 A current are: for parallel field 1.37 mT and 
perpendicular field 1.16 mT. From the calibration results, regression lines for the 
various power inputs were drawn. 

 [ / ]i i i iy a t b J= + Ω   ( 18 ) 

Where yi is the regression function, ti the time and ai and bi are constants. The power 
(ΔPn) dissipated during the time interval (Δtn) was found using the regression lines and 
the resistance increases in the copper wires (ΔRcu) derived from the measured voltage 
increases.   

 
( * )* [ / ]
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Δ + Δ
Δ =
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At each temperature level, three calibration series were run. As the highest calibration 
powers were closer to the AC losses, the regression lines corresponding to the highest 
calibration powers were used in the above calculation. 
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• The results have been studied in both double logarithmic (loglog) diagrams and graphs 
with normal axes. From these it was sought to find penetration fields and loss slopes.  

• The results were also attempted fitted to the tape and cylindrical AC loss equations (6) 
and (7) to examine if the losses fit the equations and find whether tape shape or 
cylindrical conductor equations fit the data best. The graphs were also used in trying to 
determine the penetration field. In order to for the graphs and the measured results to 
have the same denomination (W/m), the equations  (6) and (7) were multiplied with 
CAf, where f is the frequency, A is the cross-section area and multiplying it with C (C 
is between 0 and 1) gives the ‘efficient area’.  
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8 Results 
The section headings in this part are named after the temperatures sought to achieve in the 
Columbus superconductor, and not the actual temperatures measured. Where abbreviations 
have been used, HT is Hyper Tech, C is Columbus, || is parallel field and T is perpendicular 
field. The order of the measurements was:  

• first series: 25, 30, 35 and 45 K. Both parallel and perpendicular fields were used.  
• The results lead to a second series: further measurements at 30 K, mainly at low fields, 

but also a few at higher fields to compare to the first results. Series at 28.5 and 31.5 K 
were also performed. 

 
Some results have been included for all temperature levels. This includes conductor 
temperatures measured by thermo elements and copper wires, AC loss results plotted in 
loglog diagrams and normal axis diagrams and curve fitting to cylindrical conductor 
equations. The loglog diagrams also contain lines of various slopes between B and B3. Curve 
fitting is shown in both normal axis and loglog diagrams. Correlating between measured 
results and theoretical curves is for low fields better in loglog diagrams and for high field in 
normal axis diagrams.  
 
Other results have only been shown as an example for one temperature. The calibration graph 
at 25 K is shown in the report, the rest are found in Appendix 7. The different thermo element 
readings and temperature increases during AC measurements are listed for 28.5 K, the rest are 
shown in Appendix 8 and Appendix 9. As it turned out that cylindrical loss equations fit better 
to the measured results than the tape shape equations, only diagrams based on cylindrical 
conductor equations are included in the results, however, an example of curve fitting to tape 
shape equations at 30 K is in Appendix 10. 
  
Thermo element state after measurements had been performed 
The state of the thermo elements glued onto the two conductors after having performed 
experiments and opening the cryostat is summarised in Table 4. Their placing on the two 
conductors is in Figure 25. As thermo elements 1 and 4 had fallen off during experiments, 
their readings are not included in the calculated averages.  
 
Table 4 State of  thermo elements when opening the cryostat after running the experiments 

Thermo element 
Columbus 

State Thermo element 
Hyper Tech 

State 

6 Glued onto heater 9 Ok 
30 Had almost fallen off 2 Ok 
7 The end was sticking out 1 Had fallen off 
18 Ok 4 Had almost fallen off 
16 Glued onto heater 3 Ok 
11 Ok   
17 Close to heater   
20 Ok   
22 Ok   
12 Ok   
14 Ok   
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8.1 25 Kelvin 
The temperatures in the two superconductors given by the thermo elements and the resistance 
in the copper wires were as listed in Table 5. The first two rows show the results measured 
prior to the calibration measurements. The temperature was adjusted prior to the 
measurements and as no thermo element readings were done at this temperature, only copper 
wire temperatures are given. 
 
Table 5 Thermo element and copper wire temperatures  

Temperature  [K] Columbus Hyper Tech 
Average, thermo 
elements 

28.64 29.24 

Copper wire 22.49 24.90 
Copper wire during 
measurements 

25.20 27.31 
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Figure 28 To the left: results from calibration measurements at 25 K. The lines are regression lines based 
on the calibration results. The powers listed in the legend are the heater powers in the Hyper Tech and 
Columbus conductors.  To the right: AC losses at 25 K plotted in a diagram with normal axes. 
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Figure 29 AC losses in both superconductors and both field configurations at 25 K. The results are plotted 
in a loglog diagram, and B, B2, B2.5 and B3 lines are also included. 
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Figure 30 The AC losses in parallel field and cylindrical conductor loss equations are plotted in the same 
diagrams, both normal axes and loglog diagrams.  In the legend are listed the penetration fields used when 
drawing the equations. 
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8.2 28.5 Kelvin 
At this temperature, only parallel field was applied. Table 6 is the individual thermo element 
temperature readings, the average and copper wire temperature. In Table 7 are gathered the 
temperature rises (ΔT) in the copper wire at each magnetizing measurements. The values 
correspond to increasing magnitude of the applied field. 
 
Table 6 Initial thermo element and copper wire readings 

Thermo element, 
Columbus 

Temperature 
[K] 

Thermo element, 
Hyper Tech 

Temperature  
[K] 

6 32.6477 9 33.1192 
30 31.2953 2 33.6943 
7 33.3758 3 28.2752 
18 31.2349 Average 31.70 
11 30.0336 Copper wire 31.11 
17 34.3691   
20 32.9060   
22 30.9933   
12 32.8054   
14 30.9195   

Average 32.06   
Copper wire 28.46   

 
Table 7 Copper wire temperature increase in each alternating field measurement, rising applied field 
magnitude order 

T Columbus [K] ΔT [K] T Hyper Tech [K] ΔT [K] 
28.4551 0 31.1132 0 
28.4729 0.0177 31.1187 0.0056 
28.4943 0.0392 31.1243 0.0112 
28.5177 0.0625 31.1280 0.0149 
28.5695 0.1143 31.1429 0.0298 
28.6325 0.1773 31.1615 0.0484 
28.6838 0.2287 31.1783 0.0651 
28.8752 0.4200 31.2359 0.1228 
29.6387 1.1835 31.4480 0.3348 
30.7001 2.2450 31.6712 0.5580 
31.7603 3.3052 31.8944 0.7812 
31.7603 3.3052 31.9874 0.8742 
31.7603 3.3052 32.0885 0.9753 
31.8290 3.3738 32.3380 1.2248 
32.2154 3.7602 32.7371 1.6239 
31.5887 3.1335 32.3213 1.2082 
31.6230 3.1679 32.5375 1.4244 
31.8290 3.3738 32.7371 1.6239 
31.6230 3.1679 33.0651 1.9520 
31.7603 3.3052 32.8701 1.7570 
32.3381 3.8830 33.2826 2.1694 
31.6917 3.2365 32.8369 1.7237 
31.0738 2.6186 32.7704 1.6572 
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Figure 31 AC losses in both superconductors at 28.5 K. B, B1.5, B2and B2.5 lines are also included. 
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Figure 32 AC losses at 28.5 K 
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Figure 33 Measured AC losses and cylindrical conductor equations plotted in the same diagrams. In the 
legend are listed the penetration fields used when drawing the equations. 
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8.3 30 Kelvin 
Both the two series at 30 K have been included in the same graphs. The first series results 
have been calculated from the first series calibration and the second results from the second 
calibration (found in Appendix 7, Figure A 12 and Figure A 13).  
 
Table 8 Thermo element and copper wire temperatures, both series 

Temperature [K] Columbus Hyper Tech  
Average, thermo elements 
first series 

33.00 34.13 

Copper wire first series 30.68 32.54 
Average, thermo elements 
second series 

30.75 
 

30.14 
 

Copper wire second series 30.26 32.91 
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Figure 34 AC losses at 30 K. The first series are the circles, while the second series are stars, red stars are 
Columbus and blue Hyper Tech.   
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Figure 35 AC losses at 30 K. The Hyper Tech and Columbus results are split in different graphs. The 
black circles correspond to the first series and the green stars to the second series parallel applied field 
results. The blue stars correspond to the first series and the red circles the second series perpendicular 
applied field results. 
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Figure 36 AC loss results and cylindrical loss equations for parallel field plotted in the same diagrams. 
The red stars are the second series results. In the legend are listed the penetration fields used when 
drawing the equations. 
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8.4 31.5 Kelvin 
At this temperature, only parallel field was applied.  
 
Table 9 Thermo element and copper wire temperatures 

Temperature [K] Columbus Hyper Tech 
Average, thermo 
elements 

33.93 35.32 

Copper wire 31.86 34.61 
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Figure 37 AC losses at 31.5 K, plotted in loglog diagram together with various loss slopes between B and 
B2.5 
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Figure 38 AC losses at 31.5 K 
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Figure 39 Measured AC losses and cylindrical conductor loss equations plotted in the same diagrams. In 
the legend are listed the penetration fields used when drawing the equations. 
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8.5 35 Kelvin 
Table 10 Thermo element and copper wire temperatures 

Temperature [K] Columbus Hyper Tech 
Average, thermo 
elements 

36.89 39.26 

Copper wire 35.01 37.98 
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Figure 40 Measured AC losses and different loss slopes between B and B2.5 
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Figure 41 AC losses at 35 K 
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Figure 42 Measured AC losses and cylindrical conductor loss equations plotted in the same diagram. In 
the legend are listed the penetration fields used when drawing the equations. 
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8.6 45 Kelvin 
As this temperature is above the critical temperature of MgB2, only a few measuring points in 
parallel applied field were taken. No thermo element readings were done. 
 
Table 11 Thermo element and copper wire temperatures 

Temperature [K] Columbus Hyper Tech 
Copper wire 45.06 47.74 
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Figure 43 Measured AC losses and loss slopes 
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Figure 44 AC losses at 45 K 
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Figure 45 AC losses and cylindrical conductor equations plotted in the same diagrams. In the legend are 
listed the penetration fields used when drawing the equations. 
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9 Discussion 
The first paragraph of this section discusses conductor temperatures, including possible 
sources of error. The second paragraph is on error sources in the calibration and AC loss 
measurements. Following that is a paragraph on calibration results. A discussion based on the 
loglog and normal axis diagrams, including loss magnitudes is the subsequent part. The 
chapter is concluded with discussions on curve fitting results and comparison against other 
MgB2 measurements and studies on other types of superconductors. The magnetic field is in 
the reminder of the thesis called B 

9.1 Conductor temperatures  
As shown in Tables 5, 6, 8, 9, and 10 the thermo element readings indicate higher 
temperatures in the superconductors than the copper wire resistance increase does. The 
average superconductor temperature is supposed to be reflected in the copper wire 
temperature, while the thermo elements measure the temperature at some single points.  
 
The individual thermo element readings are found in Table 6 and Appendix 8, and it is seen 
that the variations are quite large; up to 7 degrees. When comparing the mentioned tables, it is 
found that temperature variations among the thermo elements are similar at different 
temperatures; e.g. the same thermo elements measure the highest temperatures at each 
temperature level. The variations could be due to the proximity between conductor and holder 
and thus the cooling of the samples. This may vary along the sample, leading to different 
temperatures at different points along the conductors. Another possible reason is variations in 
the thermo elements proximity to the heater. If an element is fastened close to the heater, it 
may experience higher temperature than the other elements. 
 
The difference between the thermo elements and copper wire is for Columbus between 3.5 
and 1.9 degrees, and for Hyper Tech between 2.9 and 0.6 degrees (this is without the 25 K 
readings as the thermo element temperatures were logged for the wrong heater power). A 
possible reason for the differences is that the copper wire surface is in closer proximity of the 
superconductor surface. In addition, the thermo elements are placed between ‘holder fingers’, 
see Figure 26, and a temperature gradient is present between two such ‘fingers’. The lowest 
temperature is at the middle of a ‘finger’ and the highest between two ‘fingers’. It is therefore 
possible the thermo elements are correct when measuring a higher temperature than the 
average, given by the copper wire temperature.  
 
By comparing the values for Columbus and Hyper Tech at different temperature levels, it is 
seen that the Hyper Tech superconductor has the higher temperature. Approximately the same 
power is dissipated in the heater glued to the Hyper Tech and Columbus conductors, and as 
the Columbus cross-section area is 5.7 times the Hyper Tech area, it seems likely the Hyper 
Tech conductor obtains a greater temperature rise. The smaller cross-section area also means 
the temperature changes far quicker in the Hyper Tech conductor.  
 
To sum up, there exists a degree of uncertainty in the accuracy of the temperature readings 
based on the copper wires and thermo elements. However, the actual readings are based on 
numbered values and minimal uncertainty is connected to them. The conclusion is that the 
copper wire temperature is assumed representative for both conductors, with the possibility 
that thermo elements give correct point readings. The degree of uncertainty is low. 
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9.2 Uncertainty in calibration and AC loss measurements  
The main source of error in calibration and AC loss measurements is believed to be measuring 
errors, made up of the reading of the voltage increase across the copper wires (ΔU) on the 
virtual oscilloscope and the time period the heater and applied field are on. The time is 
measured with a stop watch and also with an oscilloscope at short time intervals and the 
longer time measurements thus have a medium degree of uncertainty. The reason behind the 
ΔU measuring errors is for low fields a bias on the signal and for high fields peaks on top of 
the signal. This makes it harder to decide the correct start and end –points of the voltage 
increases. In Table 12 are listed general comments on which field magnitudes were harder to 
read at the different temperature levels, and thus have a higher degree of uncertainty 
connected to them. 
 
Table 12 General comments on what applied field magnitudes gave higher degree of uncertainty in 
reading the graphs 

Temperature 
[K] 

Hyper Tech, 
parallel field 

Columbus, 
parallel field 

Hyper Tech, 
perpendicular 

field 

Columbus, 
perpendicular 

field 
25 Low fields Low fields Low fields Low fields 

28.5 Low and high 
fields 

Low fields - - 

30 First series: 
high fields, 

second series: 
low fields 

First series: 
high fields, 

second series: 
low fields 

First series: 
high fields, 

second series: 
low fields 

First series: 
high fields, 

second series: 
low fields 

31.5 All Low fields - - 
35 Low and high 

fields 
High fields All All 

45 All All All All 
 
The field amplitude is derived from the current flowing in the magnetizing coils. This is 
measured by a multimeter and minimum uncertainty is thus connected to this. The voltage 
increases are found from manual reading of graphs on the virtual oscilloscope, and the 
measuring error may be considerable due to the mentioned bias. The error magnitude is 
different for high and low fields as the resolution of the virtual oscilloscope varies greatly. At 
low voltage increases, i.e. from 2 to 30 µV, the resolution is in the 100-101 µV/division range, 
and the assumed error range is ±2*10-1 to ±2*100 µV. At high voltage increases, i.e. up to 
2000 µV, the resolution is in the 102-103 µV/division range, and error range: ±2*101 to 
±2*102 µV. A reading error will influence the results differently according to what kind of 
diagram is used when studying the results. In loglog diagrams the magnitude of the various 
errors are evened out due to the logarithmic scale. However, the individual low field losses 
are likely to be of greater importance when it comes to finding loss slopes as they become 
more spread (along the x-axis) and each is taken more notice of. In normal axis diagrams high 
field errors have larger influence when evaluating the results.  
 
Another source of error is the fact that the three critical parameters (Tc, Jc and Bc) influence 
each other. When the temperature increases during a measurement, the critical current density 
decreases and the losses also decrease. The impact magnitude on the obtained results is not 
known as the MgB2 superconducting surface (cf. Figure 1, left) is not drawn. However, 
looking at Table 7 and the tables in Appendix 9, showing the temperature increases during 
measurements, it is seen that the temperature increase varies both with the magnitude of the 



   46 
 

applied field and the initial temperature. The greatest temperature increase is at high fields at 
the initial temperature of 25 K, while the smallest are for low fields at the highest 
temperatures. The effect of reduced losses at increased temperatures should therefore be taken 
into consideration for the high field, low temperature results, and less so for the highest 
temperatures.  
 
A last issue is that the AC losses in the superconductor are measured via a temperature rise. 
The superconductor is in thermal contact with the cold head, which reduces some of the 
temperature rise. This is shown by the voltage increase across the copper wire not being 
linear, but rather has a bow shape. The rate of change in voltage across the copper wires is 
greatest right after turning on the outer field, and reduced not long after. The influence from 
this has larger impact when the voltage rise is greatest.  
 
Summing up the above discussion; a bias on the signal leads to a measuring error which is 
more prominent at the lowest and highest field magnitudes. At low temperature, high field 
measurements the temperature increase during measurements might reduce the losses. The 
cooling of the samples also leads to lower results at high fields.  
 

9.3 Calibration measurements 
By looking at the calibration graphs in Figure 28 and Appendix 7, a tendency is found in next 
to all regression lines; the change in energy per change in copper wire resistance 
(ΔEheater/ΔRcu) is greater for smaller heater powers. When inverting the results to study 
changed resistance due to changed energy input (ΔRcu/ΔEheater), greater heater powers give 
greater increase in resistance. By examining Figure A 3 in Appendix 2, it is seen that the 
copper wire resistivity dependence is non-linear at low temperatures. When comparing the 
real R –T dependence to a linear one, as in the example at 25 K, (Appendix 2, Figure A 4) it is 
seen that the real resistivity increase is greater than the linear. If two given temperature 
increases are applied to the conductor, one twice the magnitude of the other, the higher gives 
more than twice the resistivity increase. The higher heater powers should thus give greater 
resistance increase.   
 

9.4 Discussion of AC loss measuring results 
In the two following tables, the low and high field loss slopes and penetration fields found 
from the AC loss loglog diagrams are listed. Table 13 is for Hyper Tech and Table 14 for 
Columbus. Both are based on Figures 29, 31, 34, 37, 40 and 44. Low field loss slopes are 
named n

lB , high field loss slopes n
hB , penetration fields Bp and ‘-‘ means non-existing. Where 

two loss slopes are mentioned, the results lay between them. Comments on loss slopes and 
penetration fields that arise when studying the normal axis graphs (Figures 28, 32, 35, 38, 41 
and 43) are also listed in the tables. As it is difficult to tell what loss power law is present in 
these diagrams, Bn in the ‘Comments on normal axis’ column is used for all power laws 
greater than B1. It may thus mean B3, B2 and so on.  
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Table 13 Listing of loss slopes and penetration fields at different temperatures for the Hyper Tech 
superconductor 

Hyper Tech parallel field Hyper Tech perpendicular field Temp-
erature 

[K] 
n
lB  pB  

[mT] 

n
hB  Comments on normal 

axis graph 
n
lB  pB  

[mT]

n
hB  Comments on 

normal axis graph 

25 B3-B2.5 - - Shows Bn shape B2.5 - - Shows Bn shape 
28.5 B2-B2.5 - - Low fields Bn shape, 

spread results at high 
fields 

- - - - 

30 B2-B2.5 90 B Low fields Bn shape, 
spread results at high 
fields, could be a 
shift at B>75 mT 

B2 100 B Low fields Bn 
shape, spread 
results at high 
fields 

31.5 B2-B2.5 80 B Low fields Bn shape,  
shift to lower power 
present at B>50 mT 

- - - - 

35 - - B-B1.5 Spread results, but 
possibly B or low 
power Bn shape 

? - B-B1.5 Shows B shape 

45 - - B Shows B shape - - - - 
The question mark indicates that it has not been possible to decide on a slope.  
 
Table 14 Listing of loss slopes and penetration fields at different temperatures for the Columbus 
superconductor 

Columbus parallel field Columbus perpendicular field Temp-
erature 

[K] 
n
lB  pB  

[mT] 

n
hB  Comments on normal 

axis graph 
n
lB  pB  

[mT]

n
hB  Comments on normal 

axis graph 

25 B2.5 100 B Shows Bn shape, no 
clear shift to B 

B2.5-B3 - - Shows Bn shape 

28.5 B2-B2.5 90 B Shows Bn shape, no 
clear shift to B 

- - - - 

30 B2-B2.5 90 B Low fields Bn shape, 
possibly a shift to 
lower power present 
at B>75 mT 

B2-B2.5 90 B Low fields Bn shape, 
possibly a shift present 
at B>70 mT. Spread 
results at high fields. 

31.5 B2-B2.5 80 B Low fields Bn shape,  
shift to lower power 
present at B>50 mT 

- - - - 

35   B Shows B shape - - B-B0 B shape at low fields, 
spread results at high 
fields  

45 - - B1.5 Shows B shape - - - - 
 
Whether or not penetration fields and high field loss slopes are present in the Columbus 
conductor at 25 and 28.5 K is very uncertain. In addition to being difficult to decide this from 
the graphs, the high field, low temperature losses are possibly larger than what is measured, as 
the critical current density and losses decrease when the temperature increases (described in 
paragraph 9.2.) 
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Tendencies drawn from Table 13 and Table 14 are listed here, and subsequently discussed.  
• The Bean model assumes B3 below Bp and B above. In the loglog diagrams, only B 

above Bp and not B3 below is found. The power laws seen at low fields are less than 
B3. Great uncertainty is connected to the various loss slopes and penetration fields as it 
is difficult to find uniform Bn and Bp values from the graphs.   

• When determining penetration fields, the normal axis graphs indicate lower Bp than 
the ones found from loglog diagrams 

• The loss power law is decreasing when the temperature increases. The penetration 
field also decreases.  

• There are only small differences between parallel and perpendicular field losses for 
the individual superconductors. 

• At 45 K, which is greater than the critical temperature, the loss slope is B.  
  
Bean model loss slopes and uncertainty  
As mentioned, the various loss graphs do not give uniform answers as to what the slopes or 
penetration fields are. It is also seen that the found results do not fit the Bean model loss 
slopes B3 below the penetration field. A possible reason is measurement errors, including 
reduced loss due to increased temperature. Another is measured losses being coupling losses.  
 
To look at the last first; the power law between coupling current losses and applied field is B2, 
see equation (9). Several of the low field loss powers found in these studies are B2-B2.5, 
showing that it is also not a perfect match to the coupling current losses. As mentioned in 
Chapter 3, it is when the frequency is high that coupling losses may be neglected. The applied 
field frequency in the experiments done here was 50 Hz and is possibly too low to measure 
AC losses at low fields. Measurements at higher frequencies would have to be performed in 
order to determine if the losses are coupling losses.  
 
If, on the other hand, measuring errors are the reason for not getting Bean model loss slopes, 
the measuring error must be too high results at low fields and too low at medium to high 
fields. As next to all graphs differ from the model, the error must be systematic. An example 
is the graph showing the closest proximity to the Bean model: the Columbus conductor in 
parallel field at 25 K, Figure 29. Here, it is seen that if removing the highest and lowest field 
results (as these were harder to read) a better fit to the Bean model equations are found. 
Contradicting the removal of low field results due to possible measuring errors are the two 
measuring series at 30 K, where the second series is focused at low fields. When looking at 
Figure 34, the two series are well correlated and have approximately the same slopes.  
 
Summing up this point; due to a measuring error having to be systematic it does not seem 
likely this is the reason for the poor fitting to the Bean model equations. As the measurements 
were only done at one frequency it is not possible to draw any conclusions as to whether or 
not the measured losses are coupling losses.   
 
Loglog versus normal axis results 
When comparing the normal axis graphs to the loglog graphs, several of the same tendencies 
are found, except the penetration field may seem to be somewhat lower when studying normal 
axis graphs, and high field loss slopes are in some cases undefined. It is uncertain why the 
penetration fields are lower, but could be due to the difficulty in finding uniform power law 
dependencies in both types of diagrams. A reason for undefined loss slopes is measuring 
errors being more prominent at high fields in normal axis graphs and high field results are in 
several cases too spread to find a uniform loss slope.  
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Decreasing Bp and loss slope power with increasing temperature 
Both superconductors’ losses when in a parallel field have decreasing penetration fields when 
increasing the temperature. As described before, increasing temperature means decreased 
critical current density. Equation (3) shows that the penetration field is proportional to the 
critical current density, and as this falls, the penetration field does as well. A question that 
may arise when seeing that the loss slopes decrease with increasing temperature and are not 
equal to the Bean model, is if the measurements are done in the transition area between B3 
and B. The probable answer is that the field range this concerns is too large for this to be 
likely. The reason for the falling loss slopes is thus unknown.  
 
Parallel and perpendicular applied fields 
The behaviour of the Hyper Tech sample in parallel field is similar to its behaviour in 
perpendicular field, except from at 35 K. The same applies for the Columbus sample. As the 
Hyper Tech superconductor is cylindrical and the Columbus is almost square, the two field 
directions were expected to give comparable results between themselves. At 35 K the Hyper 
Tech conductor shows a deviance between parallel and perpendicular fields. Looking at Table 
A 8, Appendix 8, showing the initial temperatures measured, and Table A 13, Appendix 9, 
showing the temperature increase during AC measurements, it is found that two of the thermo 
elements measured temperatures above Tc. The spread results may therefore be due to some 
measurements being above the critical temperature. In addition, the voltage increase graphs 
were difficult to read and there is a high degree of uncertainty connected to these series.  
 
Losses at the temperature greater than Tc 
A surprising result for the conductor temperature above the critical temperature is that the 
losses were proportional to the applied field. They were expected to be constant as normal 
conductivity gives resistive losses, independent of applied field. The voltage increases across 
the copper wires at 45 K were very low, and the measuring errors may therefore be great.  

9.4.1 Loss magnitudes 
In Table 15 are listed approximate loss magnitudes for the two conductors and field directions 
for applied field equal to 10 and 100 mT. The table shows that the loss magnitudes for the 
Columbus superconductor, independent of field direction, are in the 8 – 10 mW/m range for 
field strength 10 mT and 700 – 2000 mW/m for 100 mT. The Hyper Tech loss magnitudes are 
0.3 – 2 mW/m for 10 mT and 10 – 500 mW/m for 100 mT. The filament sizes in the two 
superconductors are unknown, but as they both have seven, it is supposed the Hyper Tech 
superconductor has thinner filaments, as thinner filaments give lower losses (as mentioned in 
Chapter 2.3) 
 
Table 15 Loss magnitudes found from loglog diagrams 

Columbus,  
parallel field 

[W/m] 

Columbus, 
perpendicular field 

[W/m] 

Hyper tech, 
parallel field 

[W/m] 

Hyper Tech, 
perpendicular field 

[W/m] 

Temp-
erature  

[K] 
10 mT 100 mT 10 mT 100 mT 10 mT 100 mT 10 mT 100 mT 

25 8*10-3 2*100 8*10-3 2*100 2*10-3 5*10-1 2*10-3 5*10-1 
28.5 8*10-3 1*100   2*10-3 2*10-1   
30 ~8*10-3 1*100 ~7*10-3 1*100 ~1*10-3 ~2*10-1 ~3*10-3 ~2*10-1 

31.5 9*10-3 7*10-1   1*10-3 1*10-1   
35 1*10-2 2*100 1*10-2 2*100 ~3*10-4 ~1*10-2 ? ~1*10-2 
45 ? ~1*10-2   ? ~3*10-2   
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9.5 Penetration fields found from curve fitting  
When the curve fittings to cylindrical and tape shaped loss equations (6) and (7) were 
compared, it was found that the cylindrical equations gave the best fit to the measured results. 
Curve fitting to tape shaped conductor equations are only given as an example for the results 
at 30 K, see Appendix 10. Even if the Hyper Tech conductor is cylindrical, the measured 
results show deviance from cylindrical conductor equations. As the Columbus conductor is 
close to square, the cylindrical conductor equations were expected to fit rather well. These 
results also show deviance from the equations.  
 
Each curve in the curve fitting diagrams is given by the penetration field. The penetration 
fields that gave the best fit to low and high field results are summarised in Table 16. These are 
based on Figures 30, 33, 36, 39, 42 and 45. Short comments on which results that did not fit 
the chosen curves are included in the table with italic style. Penetration fields at low field are 
found from the curve fitting loglog diagrams, while the penetration fields at high fields were 
found form curve fitting normal axis diagrams. Question mark means no curves fit the results. 
The C values used are all equal to 1 (C being the ‘efficient area’ factor). Curve fitting with 
different C values have been performed, but are not shown. At 25 K, decreasing C led to less 
fitted results. For the rest of the temperatures, the difference between fitting at low and high 
fields were too great for C to make much difference. 
 
Table 16 Comparison of penetration fields at different temperatures from the curve fitting diagrams 

Hyper Tech Columbus Temp-
erature 

[K] 
pB low fields 

[mT] 
pB high fields 

[mT] 
pB low fields 

[mT] 
pB high fields 

[mT] 
25 110-120  

except for the two lowest 
results 

?  
out of bounds 

90-110  
except for the lowest 

results 

?  
partly out of 

bounds 
28.5 Around 20  

except for the two lowest 
results 

Around 50 except 
for the highest 

results 

20-35  
the middle results do not 

fit 

Around 35  
except for the 
highest results 

30 40-50  
the middle results do not 

fit 

40-50 40-50  
the middle results do not 

fit 

20-40 

31.5 Around 40  
middle results do not fit 

Around 20 Varies, but the lowest 
results are around 20-25 

Around 20 

35 1-2  1-2 4 4 
45 0.5-1 0.5-1 0.1-0.5 0.1-0.5 

 
When summarising the table, the only rather well fitted results are Hyper Tech at 30, 35 and 
45 K and Columbus at 35 and 45 K. Except for the Hyper Tech at 30 K, the others are above 
the penetration field. As found in Table 13 and Table 14, the measured results do not follow 
the B3 to B slope dependence given by both the Bean model and the cylindrical conductor 
equations. This seems to be the most likely reason for the mainly poor fitting. An alternative 
explanation is the possibility of having two penetration fields present in the same diagram. 
Again the temperature increase during a measurement is brought out, where Jc and Bp 
decreases. If this is considerable, there could be different penetration fields for low and high 
applied fields, where high fields should give lower Bp, which is the case in some of the 
fittings. The question is what magnitude the temperature rise must reach in order for Bp to 
change considerably. To find this, the superconducting surface must be drawn (cf. Figure 1, 
superconducting surface for NbTi).   
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If comparing Table 16 to Table 13 and Table 15, it is seen that both low and high field 
penetration fields are mainly higher when studying the loglog diagrams. As the fittings to the 
cylindrical conductor equations are not better, it gives reason to trust the loglog diagrams 
penetration fields. However, since both AC loss normal axis diagrams and curve fitting 
indicates lower penetration fields than what is found there, the penetration fields may be 
somewhat lower than the ones found in loglog diagrams.  
 

9.6 Comparison to other studies on MgB2 
When comparing the results from this study with other studies on AC losses in magnesium 
diboride, the power law and magnitude of losses is the main focus. The articles mentioned in 
Chapter 5.1 are the ones used for comparison. Lou et al. [24] have found loss slopes that do 
not fit the Bean equations, see Figure 10. Their results go from B2 via B1.8 to B1.2, and as 
mentioned earlier, they do not have an explanation to these unexpected results. The 
measurements were done at 500 Hz and should rule out coupling current losses. As the losses 
are measured in Joule, their magnitude cannot be compared to the results achieved here. The 
geometry best suited to compare to the results found in the Yang et al. article, [21] is the bar 
(the right hand graph in Figure 11). These loss slopes go from H3 to H0 when placed in an 
alternating field. They thus follow the Bean model at low fields, but not at high fields. The 
losses are measured in Joule/meter and may not be compared to the loss magnitudes achieved 
here. The last study for comparison is Ginuchi et al. [23] The results show that one grain size 
does follow the Bean model. The results are presented as Joule/meter3 and may also not be 
compared to the results in this report. From the mentioned studies it is seen that the loss 
slopes vary, and no explanations have been suggested for the ones deviating from the Bean 
model.  
 

9.7 Comparison to studies on other superconductors 
As in the previous section, when using results from articles and doctoral thesis for comparison 
to the measured results, the power law and magnitude of losses is the main focus. Some of the 
studies mentioned in Chapter 6 had results fitting the Bean model loss slopes: Magnusson [2], 
Rabbers [13] and Inada et al. [25]. Other articles mentioned in the same paragraph did not or 
did not quite fit the Bean equation loss slopes: Rabbers found one too steep slope [13] and Su 
et al. [27] have also found non-fitting results. Fang et al. [28] found non-fitting results at 
frequency 30 Hz and fitting results at 270 Hz and claimed the non-fitting losses were coupling 
losses. Witz et al. [29] have come to the same conclusion as their results do not fit the Bean 
model. Three of these articles: Su et al., Fang et al. and Witz et al. have all performed 
measurements on various geometries and found that in perpendicular field the round or square 
geometries give lower losses than tape shaped superconductors.    
  
There are only two studies using the same denomination as in this report. Magnusson has 
found a loss magnitude of about 0.1 W/m at an applied field of 100 mT in BSCCO tape, and 
Witz et al. have found a loss magnitude of about 1-2 mW/m at 10 mT in  square BSCCO 
conductors. In section 9.4.1 is found loss magnitudes for Columbus superconductor; 8 – 10 
mW/m at 10 mT and 700 – 2000 mW/m at 100 mT. The Hyper Tech loss magnitudes are 0.3 
– 2 mW/m at 10 mT and 10 – 500 mW/m at 100 mT. It is thus only the Hyper Tech loss 
magnitudes that can compete with the loss magnitudes in both the two mentioned BSCCO 
superconductors.  
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10 Conclusion 
Alternating magnetic field loss measurements have been performed on two superconductor 
samples of magnesium diboride. A calorimetric setup has been used and the losses were found 
from the change in resistance of a copper wire glued onto the conductor. The resistivity 
changed due to the changed temperature, which originates in the AC losses in the 
superconductor. The sample temperature was varied between 25 and 45 K and the field 
amplitude between 3 and 150 mT. Both parallel and perpendicular field was applied. The 
most important conclusions drawn from the results are: 

• The temperatures in the superconductors were measured by two methods: thermo 
elements and resistance increase in a thin copper wire in close proximity to the 
superconductors. The conclusion is that the superconductor temperatures equal the 
copper wire temperatures, with the possibility that thermo elements are correct when 
measuring higher point temperatures.  

• The main source of error in calibration and AC loss measurements is measuring errors 
following from reading off graphs giving the voltage increase across the copper wires. 
The error magnitude varies with the resolution of the virtual oscilloscope. The greatest 
uncertainty is mainly at the lowest and highest field magnitudes as their voltage 
increases start and end points were harder to establish.  

• The AC losses did not follow the theoretical Bean model. The power laws at fields 
below the penetration field were less than B3. Two possible reasons have been 
discussed for the deviations; measuring errors and the losses being coupling losses. 
The conclusion is that none of these seem likely; the measuring error would have to be 
systematic as the obtained results at all temperature levels indicate a too low loss 
slope. At the same time the loss slope is steeper than for coupling losses.  

• Penetration fields were found from curve fitting, loglog and normal axis diagrams. 
Loglog diagrams gave higher penetration fields than the two other. Due to poor fitting 
and difficulty in determining Bp from normal axis graphs leads to choosing the loglog 
diagram Bp, or possibly somewhat lower as both the other diagrams indicate this.  

• Tendencies that agrees with theory and expected results: 
ο As the temperature is increased, the penetration field decreases. This is due to 

the penetration field being proportional to the critical current density, which 
falls with rising temperature. 

ο Parallel and perpendicular fields applied to the individual conductors give 
similar results. Due to the cylindrical and square geometry of the samples, this 
was as expected.  

• The two samples had different loss magnitudes, where it was assumed the lower losses 
were due to thinner superconductor filaments. 

• Studies on MgB2 done by others have obtained various results; some have not 
followed the Bean model slopes, others have. The same holds for studies on BSCCO 
superconductors. When comparing loss magnitudes, the Hyper Tech conductor used 
here is the only showing the same loss magnitudes as two studies on BSCCO.  
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11 Future work 
 
In order to find if the measured losses were coupling losses, high frequency measurements 
should be performed. It is also possible to examine this by measuring on similar conductors 
with twisted filaments.   
 
The critical current density should also be measured. Drawing the superconducting surface for 
MgB2 would establish the magnitude of the impact high temperature increases has on the 
losses.  
 
In Appendix 11 is given a description on a method on soldering of BSCCO tapes. The method 
was not used here, but established as a part of preparations for measuring critical current. 
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Appendix 1 Resistance ratio table 
 
Table A 1 Resistance ratio versus temperature for copper resistance thermometer [30] 

Temperature 
[K] R/R0 

Temperature 
[K] R/R0 

4.2 0.01118 64 0.08686 
19 0.011753 68 0.10137 
20 0.011918 72 0.11626 
21 0.012116 76 0.13239 
22 0.012352 80 0.14854 
23 0.012621 85 0.16975 
24 0.012919 90 0.19145 
25 0.013268 95 0.21348 
26 0.013675 100 0.23582 
27 0.014128 110 0.28105 
28 0.014642 120 0.32649 
29 0.015201 130 0.37192 
30 0.015827 140 0.41723 
31 0.01651 150 0.46233 
32 0.01727 160 0.50705 
33 0.01812 170 0.55169 
34 0.01903 180 0.59603 
35 0.02004 190 0.64002 
36 0.02113 200 0.68387 
38 0.02355 210 0.7275 
40 0.02621 220 0.77098 
42 0.02927 230 0.81429 
44 0.03274 240 0.8575 
46 0.03671 250 0.90051 
48 0.04089 260 0.94358 
50 0.04547 270 0.98653 
52 0.05039 280 1.0293 
54 0.05563 290 1.07218 
56 0.0613 300 1.11504 
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Appendix 2 Resistance ratio versus linear resistivity 
equations 
Figure A 1 is a plot of the resistance ratios versus temperature found in Appendix 1 and the 
linear resistivity equation (13) found in Chapter 4: 20 (1 ( 20 )) [ ]mρ ρ αΘ °= + Θ− ° Ω  with 
α=4*10-3 K-1. In the plot, the curve based on the equation is called formula. Figure A 2 is a 
close-up of where the two mentioned curves separate and Figure A 3 is a close-up of the 
resistance ratio at the temperatures used in the measurements.  

0 50 100 150 200 250 300 350
-0.2

0

0.2

0.4

0.6

0.8

1

1.2

1.4

Temperature [K]

R
es

is
tiv

ity
 [ 
Ω

m
]

 

 
Resistanse ratio table
Formula

 
Figure A 1 Resistivity against temperature from resistance ratio versus temperature table compared with 
linear equations 
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Figure A 2 Close up of a smaller temperature area, the two graphs separate at the highest temperatures 
shown in the figure  
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Figure A 3 Resistance ratio around the temperatures used in the study 
 
Figure A 4 is an example of using the resistivity rate of change at 25 K to draw a line of the 
same slope to compare the resistivity changes for a given temperature rise.  
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Figure A 4 Comparison between the real resistivity at 25 K, and a linear approximation
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Appendix 3 Critical current in the superconductors used 
in the experiments 
 

 
Figure A 5 The critical current in the Columbus superconductor at 20 K versus magnetic field. [31] 
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Figure A 6 Critical current in an analogous superconductor as the Hyper Tech sample. The two were 
produced from the same monofilament stock. The temperature is 4.2 K, the sample length 1 m and the two 
curves correspond to two different heat treatments.  [32] 
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Appendix 4 Heat treatment of Hyper Tech 
superconductor 
The Hyper Tech superconductor went through a heat treatment after being received. 
Instructions were given by Hyper Tech, and were as exemplified in Figure A 7. The time 
above 600 °C should be 40 minutes, 20 of them at 700 °C. The treatment was to be done in 
argon gas.  

Total ramp time: 45 min. Cool down time to 200 ˚ C : 2.5 hours

600˚ C 

700˚ C 

40 minutes

graph not to scale

20 minutes

Total ramp time: 45 min. Cool down time to 200 ˚ C : 2.5 hours

600˚ C 

700˚ C 

40 minutes

graph not to scale

20 minutes

 
Figure A 7 Recommended heat treatment profile of Hyper Tech superconductor [32]] 
 
The actual heat treatment is summarized in Figure A 8 and Figure A 9. It was performed at 
SINTEF Materials and chemistry, section Energy conversion and materials. The ramp time 
was to be 45 minutes, but was a little over an hour. By looking at Figure A 9 it is found that 
the time at 700 °C is about 20 minutes, as is was supposed to, but the time above 600 °C was 
over an hour. This was supposed to be 40 minutes. The cool down time should be 2.5 hours, 
but was much longer than this, see Figure A 8. The treatment was performed in argon, but as 
the oven walls could contain other gases, it was flushed and evacuated three times before the 
treatment. The superconductor surface was shiny prior to the treatment, but blackish 
afterwards.  
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Figure A 8 Actual heat treatment profile [33] 
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Figure A 9 Close-up of the first two hours [33] 
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Appendix 5 Equipment list 
 
Table A 2 List of equipment used, together with Id and some additional comments 
Type of equipment Id Additional information 
Capacitor bank -  
Clip-on ammeter I04-0409  
Cold pump P05-0058  
Contactor -  
Data acquisition unit G05-0102  
Manometer -  
Oscilloscope G04.0225  
PC P07-0739  
Power sources B02-0430 Connected to copper wire 
 B02-0256 Heater switch; base settings 
 B02-0062 Heater switch; calibration settings 
 B02-0211 Connected to H3+/H3- 
Switch -  
Transformer B01-0393  
Vacuum pump P05-0060 Alcatel 
Variac B01-0601  
20 channel multiplexer G05-0139-01 Used for copper wire and heater 
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Appendix 6 Tables of thermo element voltage versus 
temperature 
 
Table A 3 Corrected voltage against temperature for thermo elements [30] 

Temperature 
[K] 

Voltage, 
corrected  

[µV] 
3 -1116 

13 -1078 
23 -999 
33 -885 
43 -736 
53 -555 
63 -344 
73 -106 
83 158 
93 446 
103 756 
113 1087 
123 1440 
133 1812 
143 2203 
153 2612 
163 3038 
173 3482 
183 3942 
193 4417 
203 4908 
213 5413 
223 5932 
233 6464 
243 7010 
253 7567 
263 8137 
273 8719 
283 9310 
293 9911 
303 10520 
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Appendix 7 Calibration graphs  
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Figure A 10 Calibration results for 28.5 K. The powers listed in the legend are heater powers and the lines 
are regression lines given by the results.  
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Figure A 11 Calibration results for 31.5 K. The powers listed in the legend are heater powers and the lines 
are regression lines given by the results. 
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Figure A 12 Calibration results for 30 K, first series. The powers listed in the legend are heater powers 
and the lines are regression lines given by the results. 
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Figure A 13 Calibration results for 30 K, second series. The powers listed in the legend are heater powers 
and the lines are regression lines given by the results. 
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Figure A 14 Calibration results for 35 K. The powers listed in the legend are heater powers and the lines 
are regression lines given by the results. 
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Figure A 15 Calibration results for 45 K. The powers listed in the legend are heater powers and the lines 
are regression lines given by the results. 
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Appendix 8 Thermo element and copper wire 
temperatures 
 
Table A 4 Initial thermo element and copper wire readings, 25K. The actual copper temperature when the 
measurements were done was somewhat higher 

Thermo 
element, 

Columbus 

Temperature 
[K] 

Thermo element 
Hyper Tech 

Temperature  
[K] 

6 27.8187 9 28.3886 
30 28.2332 2 28.4404 
7 29.2694 3 26.5751 
18 28.2850 Average 27.80 
16 29.2176 Copper wire 24.90 
11 28.0259   
17 29.1140   
20 29.1658   
22 28.0259   
12 29.5803   
14 28.3368   

Average 28.64   
Copper wire 22.49   

 
 
Table A 5 Initial thermo element and copper wire readings, 30 K, first series 

Thermo 
element, 

Columbus 

Temperature 
[K] 

Thermo 
element Hyper 

Tech 

Temperature 
[K] 

6 32.7927 9 33.8808 
30 32.6373 2 35.0207 
7 33.8725 3 30.5168 
18 32.5973 Average 33.14 
11 31.9933 Copper wire 32.54 
17 34.6107   
20 33.4027   
22 31.7919   
12 34.9463   
14 31.3893   

Average 33.00   
Copper wire 30.68   
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Table A 6 Initial thermo element and copper wire readings, 30 K, second series 

Thermo 
element, 

Columbus 

Temperature 
[K] 

Thermo 
element Hyper 

Tech 

Temperature 
[K] 

6 30.5855 9 31.3161 
30 29.7668 2 31.2850 
7 31.8549 3 27.8083 
18 30.0363 Average 30.14 
11 29.4249 Copper wire 32.91 
17 32.5026   
20 31.6891   
22 30.1140   
12 31.1503   
14 30.3523   

Average 30.75   
Copper wire 30.26   

 
Table A 7 Initial thermo element and copper wire readings, 31.5 K 

Thermo 
element, 

Columbus 

Temperature 
[K] 

Thermo 
element 

Hyper Tech 

Temperature  
[K] 

6 36.0403 9 36.7584 
30 33.5101 2 38.2081 
7 36.0671 3 30.9866 
18 33.7517 Average 35.32 
11 32.5436 Copper wire 34.61 
17 38.0470   
20 35.3020   
22 33.3758   
12 35.9128   
14 24.7383   

Average 33.93   
Copper wire 31.86   
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Table A 8 Initial thermo element and copper wire readings, 35 K 

Thermo 
element, 

Columbus 

Temperature 
[K] 

Thermo 
element 

Hyper Tech

Temperature 
[K] 

6 36.8255 9 40.0470 
30 36.2215 2 42.7315 
7 37.4295 3 35.0805 
18 36.2215 Average 39.29 
11 35.7517 Copper wire 37.98 
17 39.3758   
20 37.1611   
22 35.6846   
12 39.7114   
14 34.5436   

Average 36.89   
Copper wire 35.01   
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Appendix 9 Temperature increase during AC loss 
measurements 
The orders of the temperature increases are with rising applied field magnitude. T is copper 
wire temperature and ΔT the temperature increase from the initial temperature.   
 
Table A 9 Temperature increase during alternating field measurements at 25 K 

 
Table A 10 Temperature increase during alternating field measurements at 30 K, first series 
T Hyper 

Tech 
parallel 
field [K] 

ΔT T 
Columbus 

parallel 
field [K] 

ΔT T Hyper Tech  
perpendicular 

field [K] 

ΔT T Columbus 
perpendicular 

field [K] 

ΔT 

32.5375 0 30.5359 0 32.5375 0 30.5359 0 
32.5741 0.0366 30.6123 0.0764 32.6772 0.1397 31.0463 0.5104
32.6539 0.1164 30.7574 0.2215 32.797 0.2594 31.6642 1.1283
32.7205 0.1829 30.9331 0.3972 32.9034 0.3659 32.1755 1.6396
32.8502 0.3127 31.4754 0.9395 33.0154 0.4779 32.6972 2.1614
32.9500 0.4124 32.1141 1.5782 33.1583 0.6208 32.8814 2.3455
33.0185 0.4810 32.3289 1.7931 33.3447 0.8072 33.0039 2.468 
33.1117 0.5742 32.4517 1.9158 33.1894 0.6519 32.2982 1.7624
33.1117 0.5742 32.1755 1.6396 33.3292 0.7917 32.421 1.8851
33.1583 0.6208 32.5131 1.9772 33.702 1.1645 32.7893 2.2534
33.2205 0.6829 32.2369 1.7010 33.5001 0.9626 32.5745 2.0386
33.0341 0.4965 31.647 1.1112 33.6554 1.1179 32.4210 1.8851
33.8108 1.2732 32.2676 1.7317 33.5001 0.9626 32.4517 1.9158
33.1428 0.6053 32.0067 1.4708 33.3913 0.8538 32.5131 1.9772
33.3758 0.8383 32.3289 1.7931 33.469 0.9315 32.4824 1.9465
33.6088 1.0713 32.0834 1.5475 33.469 0.9315 32.4517 1.9158

 

T Hyper 
Tech 

parallel 
field [K] 

ΔT 
[K] 

T 
Columbus 

parallel 
field [K] 

ΔT 
[K] 

T Hyper 
Tech  

perpendicula
r field [K] 

ΔT 
[K] 

T Columbus 
perpendicular 

field [K] 

ΔT 
[K] 

27.3186 0 25.2000 0 27.3186 0 25.2000 0 
27.4397 0.1210 25.7128 0.5128 27.3736 0.0550 25.3282 0.1282
27.5607 0.2420 26.2026 1.0027 27.4287 0.1100 25.5333 0.3333
27.7312 0.4125 27.2109 2.0109 27.4837 0.1650 25.6807 0.4807
27.8687 0.5500 27.7692 2.5692 27.5112 0.1925 25.8666 0.6666
28.0310 0.7124 28.1144 2.9145 27.7037 0.3850 26.3466 1.1467
28.1069 0.7882 28.3711 3.1712 27.7862 0.4675 26.6058 1.4058
28.2839 0.9652 28.7678 3.5679 27.8907 0.5721 26.8649 1.6650
28.3345 1.0158 28.3478 3.1478 28.0816 0.7629 27.1601 1.9602
28.6885 1.3699 28.9078 3.7079 28.0310 0.7124 27.0078 1.8079
29.1283 1.8097 28.8612 3.6612 28.2839 0.9652 27.6169 2.4170
28.9920 1.6733 29.2094 4.0095 28.4103 1.0917 28.0211 2.8211
29.1283 1.8097 28.7678 3.5679 28.9920 1.6733 29.1261 3.9261
29.4896 2.1710 29.2094 4.0095 28.9414 1.6227 28.4878 3.2878
30.2359 2.9173 29.7095 4.5096 29.4445 2.1258 28.9545 3.7545
30.6499 3.3312 31.6470 6.4471 29.3541 2.0355 29.1261 3.9261
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Table A 11 Temperature increase during alternating field measurements at 30 K, second series 

T 
Hyper 
Tech 

parallel 
field [K] 

ΔT T 
Columbus 

parallel 
field [K] 

ΔT T Hyper Tech  
perpendicular 

field [K] 

ΔT T Columbus 
perpendicular 

field [K] 

ΔT 

32.7038 0 30.0890 0 32.7038 0 30.0890 0 
32.7105 0.0067 30.1249 0.0359 32.7112 0.0073 30.1073 0.0183
32.7158 0.0120 30.1463 0.0573 32.7165 0.0126 30.1257 0.0367
32.7158 0.0120 30.1501 0.0611 32.7155 0.0116 30.1272 0.0382
32.7178 0.0140 30.2055 0.1165 32.7178 0.0140 30.1310 0.0420
32.7654 0.0615 30.3067 0.2177 32.7175 0.0136 30.1348 0.0458
32.7770 0.0732 30.4098 0.3209 32.7364 0.0326 30.1807 0.0917
33.2018 0.4980 32.5223 2.4333 32.9101 0.2062 30.8338 0.7448
33.6244 0.9205 32.7678 2.6789 33.2360 0.5322 32.3688 2.2799
33.7797 1.0759 32.4916 2.4026 33.5622 0.8584 32.6451 2.5561
33.9040 1.2001 32.5530 2.4640 33.6244 0.9205 32.1233 2.0343

 
 

Table A 12 Temperature increase during alternating field measurements at 31.5 K 
T Hyper 

Tech 
parallel 
field [K] 

ΔT T 
Columbus 

parallel 
field [K] 

ΔT 

34.6894 0 31.9209 0 
34.6908 0.0014 31.9346 0.0137 
34.6950 0.0056 31.9525 0.0316 
34.6941 0.0048 31.9649 0.0440 
34.7062 0.0168 32.0153 0.0944 
34.7146 0.0252 32.0645 0.1436 
34.7314 0.0420 32.1320 0.2112 
34.7594 0.0701 32.3840 0.4631 
34.8967 0.2074 33.2913 1.3704 
34.9528 0.2634 33.4635 1.5426 
35.0393 0.3500 33.5496 1.6287 
35.1016 0.4123 33.4635 1.5426 
35.0964 0.4071 33.1765 1.2556 
35.1665 0.4772 33.3200 1.3991 
35.2315 0.5421 33.4061 1.4852 
35.2704 0.5810 33.3200 1.3991 
35.3743 0.6849 33.6070 1.6861 
35.2834 0.5940 33.3487 1.4278 
35.3223 0.6330 33.4635 1.5426 
35.2444 0.5551 33.2052 1.2843 
35.1795 0.4902 33.0186 1.0978 
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Table A 13 Temperature increase during alternating field measurements at 35 K 
T Hyper 

Tech 
parallel 
field [K] 

ΔT T 
Columbus 

parallel 
field [K] 

ΔT T Hyper Tech  
perpendicular 

field [K] 

ΔT T Columbus 
perpendicular 

field [K] 

ΔT 

37.9308 0 34.8667 0 37.9308 0 34.8667 0 
37.9448 0.014 35.1063 0.2396 37.9331 0.0023 35.135 0.2683
37.9576 0.0269 35.1876 0.3209 37.9354 0.0047 35.1781 0.3114
37.9541 0.0234 35.1828 0.3161 37.9775 0.0467 35.2355 0.3688
37.9623 0.0315 35.1781 0.3114 37.9775 0.0467 35.1637 0.297 
37.9693 0.0386 35.2259 0.3592 37.9775 0.0467 35.135 0.2683
37.9693 0.0386 35.2594 0.3927 37.9635 0.0327 35.044 0.1773
37.9752 0.0444 35.1637 0.297 37.9635 0.0327 35.0584 0.1917
37.9583 0.0276 35.1302 0.2635 37.9728 0.0421 35.0871 0.2204
37.9705 0.0397 35.1039 0.2372 37.9822 0.0514 35.1063 0.2396
37.9623 0.0315 35.1063 0.2396 37.9985 0.0678 35.1254 0.2587
37.9693 0.0386 35.0153 0.1486 37.9939 0.0631 35.1254 0.2587
37.9845 0.0537 35.1398 0.2731 38.0305 0.0998 35.1924 0.3257
37.9658 0.035 35.0967 0.2300     
38.0093 0.0785 35.2235 0.3568     
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 Appendix 10 Curve fitting to tape shape equations, 30 
Kelvin 
 

 
Figure A 16 Tape shape equations as basis for curve fitting to measured AC losses. The field magnitudes 
in the legend are the various penetration fields.  
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Appendix 11 Soldering of BSCCO tapes 
In the preparations leading to critical current density experiments it was necessary to optimize 
the soldering technique used on BSCCO tapes. This is used as the HTS which carries current 
between the copper bushings and the MgB2 superconductor. The following procedure gave 
good results:  

• remove insulation with a scalpel, the leftover glue is washed off with acetone 
• sand down the surface a bit and wash with acetone 
• use plenty of soldering paste/flux, and make sure all of the surface is moistened by it 

at all times when soldering 
• set the soldering iron at 180 °C and use low temperature tin solder, one drop is enough 
• place the soldering iron onto the tape and leave it still for the tape to heat up. 

Remember to keep the tape moistened with flux 
• carefully nudge the soldering iron at an angle back and forth to drag the tin solder out, 

be cautious not to do it too fast – the tape needs to heat during the soldering  
• when the entire surface is covered with tin solder, removing surplus tin solder may be 

done by holding the tape perpendicular to the table and drag the soldering iron along 
the surface towards the table  

 
The joint resistance in several soldered joints, using the procedure above, were measured and 
the results are listed inTable A 14. The circuit used is sketched in Figure A 17. The voltage 
measurement across the joint was done by a multiplexer in a data acquisition unit. The shunt 
and voltmeter in the outer circuit is for measuring the current flowing in the circuit. A 300 A 
current was measured as 50 mV voltage. For the double joint, each soldering resistance was 
measured, but not the separate currents, only the outer circuit current. Here, the end with two 
tapes coming out of the soldering was also soldered together for the current to divide between 
them. In the resistance calculations it was assumed the current split evenly between the two 
superconductors.  

 
 
Figure A 17  Soldered joint testing setup 
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Table A 14 Soldered joint resistance values measured  

Measured resistance [µΩ/cm] 
Single joint, 

assumed good 
Single joint, 

assumed less good 
Single joint, 

assumed good 
Double joint, 
assumed good 

 
Current 

[A] 
4.6 cm 4.5 cm 10 cm 4.5 cm 

10.8 0.1791 0.1626           0.0204          0.0864    0.0576 
15.0 0.1797 0.1674 0.0233 0.0919 0.0593 
21.0 0.1812 0.1661 0.0257 0.0952 0.0741 
25.2 0.1768 0.1684 0.0266 0.0970 0.0794 
31.2 0.1798 0.1724 0.0279 0.1011 0.0755 
36.0 0.1781 0.1704 0.0281 (36.6) 0.1025 0.0852 
41.4 0.1801 (40.8) 0.1712 0.0285 0.1084  0.0891 

 
The numbers in parenthesis in Table A 14 are current values differing from the ones listed in 
the first column. Both the short, single joints - independent on the expected quality of the 
soldering – were worse than the longest and the double joint. A fair expectation is halving the 
resistance when doubling the soldering length. However, the resistances in the shorter joints 
are 6.5 to 7 times higher than the long joint. The double joint soldering is also better than the 
short, single ones. It is unknown why there are such large differences between the joints, and 
there are no visible differences when soldering. For comparison to a study done on joints in 
BSCCO-2223 tape see [34]. The obtained results for soldered joints in the article are 1.8*10-8 
and 7.3*10-8 Ω. 
 
Soldering for use in cryostat 
The soldered joints needed for use in the cryostat when measuring critical current is four 
copper – BSCCO joints per current bushing, four BSCCO – BSCCO joints for reducing the 
number of BSCCO tapes inside the cryostat and four BSCCO – MgB2 joints. A bushing with 
BSCCO tapes is shown in Figure A 18.  
 

 
 
Figure A 18 Sketches of the cu bushing and BSCCO tapes, the upper sketch is from the side, the lower 
from above 
 
Experience gained from preparations prior to measuring critical current gave some ideas on 
how to improve the end result. The current bushings were placed in a hot cabinet at 160 °C, 
tin solder was then put on them. The BSCCO tapes (also with soldering tin) were then pressed 
against the bushings and placed in the hot cabinet for them to fasten. It seemed as if it was 
harder to spread tin solder on the BSCCO surface after having been heated. A suggestion is 
therefore to only heat the bushings to quite a high temperature, take them out of the cabinet 
and to place the superconductors onto the bushings right away, while putting pressure on the 
joints. The procedure for BSCCO jointing described in the previous section should then work 
better. 

Cu bushing BSCCO tapes


