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KurzfassungIn den letzten Jahren zeigten Studien über die mögli
he Verwendung te
hnis
her Ho
htempe-ratursupraleiter (Bandleiter) für zukünftige Fusionskraftwerksspulen dur
hwegs positive Er-gebnisse. Na
h der Bestrahlung mit Neutronen errei
hten Bandleiter annähernd glei
he kriti-s
he Stromdi
hten und Temperaturen wie im unbestrahlten Zustand. Das Einbringen künstli-
her Verankerungszentren dur
h Neutronenbestrahlung, deren Gröÿe ungefähr der Kohärenz-länge des Supraleiters entspri
ht, führte sogar zu gröÿeren Verankerungskräften im Supraleiterund dadur
h zu höheren kritis
hen Strömen bei hohen Feldern.Zur Verwendung in zukünftigen Magnetspulen, müssen die Bandleiter zu Kabeln verarbeitetwerden. Eines der erfolgverspre
hendsten Kabelkonzepte ist das Roebelkabel. Der Strom�usszwis
hen gekoppelten Einzelleiter in einem Roebelkabel, sowie die We
hselstromverluste ver-ursa
ht dur
h gekoppelte S
hleifen, sind bisher jedo
h no
h ni
ht gänzli
h verstanden.Weiters wurden die me
hanis
he Zugfestigkeit und die Abhängigkeit des kritis
hen Stromsvon der me
hanis
hen Zugspannung bisher nie an bestrahlten Proben untersu
ht. Aus diesenund anderen Gründen ist die Eignung von Bandleitern bzw. von Roebelkabeln in Fusionsspulenna
h wie vor ungeklärt. Einige dieser Fragen sollen mit Hilfe dieser Arbeit geklärt werden.Supraströme sollten die Mögli
hkeit haben, Defekte in einem einzelnen Leiter zu um�ieÿen,weshalb die Einzelleiter eines Roebelkabels resistiv verbunden werden sollten. Diese Verbin-dungen bilden jedo
h ges
hlossene S
hleifen, wodur
h in We
hselfeldern Kopplungsströmeinduziert werden, die wiederum zu We
hselstromverlusten führen.Bisher wurden Roebelkabel mittels vers
hiedener Te
hniken gekoppelt, ohne allerdings Ein-zelheiten des lokalen Strom�usses zu untersu
hen. In dieser Arbeit wurden deshalb Einzelleitereines Roebelkabels in vers
hiedenster Weise miteinander gekoppelt und untersu
ht. Zusätzli
hwurde ein Modell zur Bere
hnung der We
hselstromverluste bei niedrigen und hohen Feldernerstellt. Verlustmessungen an den gekoppelten Proben, sowie zeit-aufgelöste Messungen derlokalen Felder zeigten gute Übereinstimmung mit den theoretis
hen Modellen.Weiters wurde ein Inversionsalgorithmus ges
hrieben, mit dessen Hilfe man den lokalenStrom�uss und die We
hselstromverluste aus der Messung des lokalen Feldes bere
hnen kann.Die lokale Stromverteilung während einer Zeitperiode konnte dadur
h aus Messungen derlokalen Feldverteilung bere
hnet werden. Sowohl Feldverteilung als au
h Stromverteilung wur-den in Bezug auf s
hwa
h-, mittel- und stark gekoppelte Zustände in We
hselfeldern unter-su
ht. Es zeigte si
h, dass die Breite der Bänder (wie au
h der Widerstand der Verbindungen,Frequenz,...) eine kritis
he Gröÿe für die induzierten Ströme sowie für die Verluste darstellt.Wie s
hon in vorhergehenden Arbeiten wurden aktuelle Bandleiter vor und na
h Neutro-nenbestrahlung 
harakterisiert, um den Forts
hritt in der Entwi
klung der Materialien ni
htaus den Augen zu verlieren. In dieser Arbeit wurde erstmals eine deutli
he Reduzierung derkritis
hen Stromdi
hte Jc und der kritis
hen Temperatur Tc in einem Bandleiter na
h der
iv



Bestrahlung beoba
htet.Ein Zugversu
hsaufbau für Bandleiter, mit dem die Abhängigkeit des kritis
hen Stromes vonder Zugspannung gemessen werden kann, wurde im Rahmen dieser Arbeit entwi
kelt. Win-kelaufgelöste Messungen in Magnetfeldern bis 1.4T wurden bei angelegten Zugspannungenrealisiert. Die weltweit ersten Zugversu
he an Bandleitern na
h einer Neutronenbestrahlungdemonstrierten auÿergewöhnli
he me
hanis
hen Eigens
haften der Bandleiter. Des weiterenerhöhte si
h die Sensitivität von Ic bezügli
h der Zugspannung in einem Bandleiter deutli
hna
h der Bestrahlung.Die Ergebnisse zeigen viel-verspre
hende Aussi
hten für die Verwendung von HTS-Band-leitern in zukünftigen Fusionsspulen. Um jedo
h allen Anforderungen einer Fusionsspule ge-re
ht zu werden, sind weitere substanzielle Entwi
klungen von Bandleitern und Kabeln not-wendig.
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Abstra
tIn re
ent years several studies on the usability of te
hni
al high temperature super
ondu
tors(
oated 
ondu
tors) for future fusion power plants reported promising results. Neutron irra-diation to the expe
ted �uen
e has not shown signi�
ant redu
tions in 
riti
al 
urrents andtemperatures. On the 
ontrary, the introdu
tion of defe
ts with a size mat
hing the super-
ondu
ting 
oheren
e length has led to enhan
ed �ux pinning. Nowadays, manufa
turers aretrying to introdu
e arti�
ial pinning 
entres during the fabri
ation pro
ess in order to a
hievethe same pinning for
e enhan
ement. Coated 
ondu
tors have to be assembled somehow forengineering high �eld magnet 
oils and therefore powerful 
ables are needed. The RoebelAssembled Coated Condu
tor - 
on
ept (RACC or Roebel-
able) and/or Rutherford 
ablesare promising options for su
h 
ables.Many questions about inter strand 
oupling and therefore about AC losses in Roebel 
ableshave not yet been answered. Furthermore, me
hani
al stress, 
riti
al 
urrent and tempera-ture behaviour of state-of-the-art 
oated 
ondu
tors before and after neutron irradiation areunknown. Therefore, the usability of Roebel 
ables made of 
oated 
ondu
tors for fusion ap-pli
ations is still open. Important issues for the development of suitable 
ables are addressedin this work.Super-
urrents should be able to bypass defe
ts in single strands of a super
ondu
tingRoebel-
able. Therefore, resistive 
onne
tions between these strands are needed. These 
on-ne
tions form 
losed loops and 
oupling 
urrents indu
ed by external AC �elds lead to addi-tional losses.Strands of Roebel 
ables were 
oupled by di�erent te
hniques in the last years and weremeasured without a detailed knowledge about the me
hanisms in the resistively 
onne
tedsuper
ondu
ting loops. Therefore, di�erent 
oupling situations with di�erent geometries havebeen realised in this study. Models for AC losses at low and high �elds were developed inorder to 
al
ulate the indu
ed 
urrents and their resulting losses. AC loss measurements andtime resolved maps of the lo
al �eld penetration 
on�rm the model 
al
ulations. An inversionalgorithm was written for the 
al
ulation of the lo
al 
urrent �ow and the global AC lossesfrom the �eld penetration. Current and �eld distributions have been mapped in detail duringone AC 
y
le for un
oupled, fully 
oupled and intermediate situations. This study shows thatthe width (besides the resistive joints, frequen
y, ...) of the 
oated 
ondu
tor plays a 
ru
ialrole for the indu
ed 
urrents and 
onsequently for their losses.Similar to previous work, state-of-the-art 
oated 
ondu
tors have been measured beforeand after neutron irradiation in order to monitor re
ent developments. For the �rst timea signi�
ant redu
tion of Jc and Tc has been observed in a 
oated 
ondu
tor after neutronirradiation.A tensile stress apparatus for assessing the dependen
e of Jc on tensile stress and strain in
vi




oated 
ondu
tors was developed in this work. Angular resolved measurements in magneti
�elds up to 1.4T were performed. The world's �rst tensile stress tests on 
oated 
ondu
torsafter neutron irradiation demonstrate the outstanding me
hani
al properties of 
oated 
on-du
tors even after irradiation. Furthermore, a signi�
ant enhan
ement of the stress sensitivityof Ic after irradiation was found in the reversible region in one tape.Promising perspe
tives for 
oated 
ondu
tors and 
ables for fusion magnet appli
ations 
anbe dedu
ed from our results, but a substantial further development of 
ondu
tors and 
ablesis needed to meet the requirements of future nu
lear fusion plants.
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A Introdu
tionWith the dis
overy of super
ondu
tivity in 1911 by Heike Kamerlingh Onnes, s
ientists andengineers started to dream of large super
ondu
ting magnets. It took many de
ades beforethe �rst super
ondu
ting magnet, 
ooled by liquid helium, was realised at the University ofIllinois in 1954. This magnet rea
hed nearly 1T and was wound with 
old worked Nb. Inthe following years one �eld re
ord after another was broken with di�erent niobium basedmaterials. In subsequent years, most magnets were made of NbTi or Nb3Sn and still work atliquid helium temperatures.In 1986, Bednorz and Müller dis
overed super
ondu
tivity in Ba-La-Cu-O with a transitiontemperature of 35K and a new 
lass of super
ondu
tors (High Temperature Super
ondu
torsHTS) was born. Many 
opper-oxide 
ompounds (
uprates) have been found to be super
on-du
ting. The highest transition temperature (164K) was found in 1994 in HgBa2Ca2Cu3O8+δunder high pressure. Transition temperatures above liquid nitrogen temperatures (64-77K)and high 
riti
al �elds started a revival of the dream of high �eld super
ondu
ting magnets inthe s
ienti�
 
ommunity. It was only a matter of time until te
hni
al problems of manufa
-turing and handling of the brittle HTS materials 
ould be solved. While the origin of HTS isnot yet understood, the manufa
turing pro
ess for te
hni
al 
ondu
tors made of (RE)BCO-
ompounds has be
ome highly developed. So far, it appears that the 
oated 
ondu
tor designhas won the ra
e for a te
hni
al 
ondu
tor ar
hite
ture in high �elds. Note, that BSCCO(Bismuth-strontium-
al
ium-
opper-oxide) tapes and wires are also promising materials forlow �eld and low temperature appli
ations. However, due to their high amount of silver (highneutron a
tivation), their low stress resistan
e and their high sensitivity of the 
riti
al 
urrentto high magneti
 �elds, BSCCO 
ondu
tors are less viable for fusion magnet appli
ations.In re
ent years, (RE)BCO 
oated 
ondu
tor manufa
turing has improved and long length
ondu
tors (km range) as well as �rst HTS-
oated 
ondu
tor magnet systems have be
omeavailable on the market. Nevertheless, the question of a su

essful magnet 
able design madeof 
oated 
ondu
tors remains open.The International Thermonu
lear Experimental Rea
tor (ITER) is 
urrently being 
on-stru
ted in Cadera
he (Fran
e). About 30% of the rea
tor's overall 
osts arises from thesuper
ondu
ting magnet system. Fields up to 12T are anti
ipated for the 
ondu
tors of the
oils. NbTi and Nb3Sn at liquid helium temperatures will be used in the ITER 
oils.The future availability of helium as a 
oolant is a major 
on
ern. HTS 
ondu
tors 
an1



A Introdu
tionuse other 
oolants, su
h as nitrogen and hydrogen. The question of whether HTS 
ondu
tors
ould be used for fusion 
oils has been under dis
ussion for many years. In 
on
eptual studiesfrom 2006, the power 
onsumption of 
ooling systems was 
al
ulated to be redu
ed by 21% ifthe magnets were 
ooled to 50K and by 55% if liquid nitrogen temperature (77K) was used[1℄. Furthermore, a 
omplex radiation shield 
ould be avoided in su
h a system, redu
ingbuilding 
osts. Other advantages of using HTS 
ondu
tors are avoiding the 
omplex Nb3Sn�wind & rea
t-te
hnique� and mu
h more 
onvenient 
old tests when using liquid nitrogen.On the other hand, HTS 
ondu
tors are 
urrently more expensive than LTS 
ondu
tors andas yet there exists no suitable solution for the 
able design. Nevertheless, there are promisingsolutions for the 
able design and a large part of this work (Chapter B and C) outlines onepossible solution, the Roebel 
able 
on
ept.During the ultimate resear
h phase of ITER and in future fusion power plants, the deu-terium (21H)-tritium (31H) rea
tion (DT-rea
tion) will be used as the fusion pro
esses:
2
1H+3

1 H →4
2 He(3.5MeV) + n(14.1MeV) (A.1)Under operating 
onditions, the α-parti
le (42He) with its kineti
 energy of 3.5MeV will heatthe plasma, whereas the fast neutron with a kineti
 energy of 14.1MeV will breed new tritiumfrom lithium in the blanket. Furthermore, the neutron should transfer its kineti
 energy tousable heat for the energy produ
tion.By passing the blankets, neutrons will slow down before they rea
h the magnet 
oils. Theenergy spe
trum of the neutrons at the super
ondu
ting magnets was 
al
ulated for theSTARFIRE fusion plant [2℄ and is shown in �gure A.7. Although the neutrons are slowerthan immediately after the DT-rea
tion in the plasma, they have a strong 
ontribution inthe fast region (E >0.1MeV) and a destru
tive intera
tion with the 
oil material is expe
ted.The durability of HTS 
ondu
tors due to fast neutron irradiation has been demonstrated forYBCO 
oated 
ondu
tors in re
ent years [3℄-[5℄, but has be
ome again a hot topi
 with newstate-of-the-art 
ondu
tors, as will be shown in Chapter D.The next step from ITER towards a working 
ommer
ial fusion plant is the 
onstru
tion ofa demonstration rea
tor (DEMO). DEMO has four main goals [6℄:

• To demonstrate a workable solution for all physi
s and te
hnology questions.
• To demonstrate large s
ale net ele
tri
ity produ
tion with a self-su�
ient fuel supply.
• To demonstrate high availability and reliable operation over a reasonable time span.
• To a

ess the e
onomi
 prospe
ts of a power plant.

2
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Figure A.1: Basi
 
on
ept of DEMO.Therefore, the fusion power of DEMO should be in the range of 2 - 5GW (
ompared to500MW in ITER). Figure A.1 shows an image of a 
on
eptual study for a DEMO design.The �rst steps towards a working HTS solution for the DEMO magnet system have beena
hieved by many groups world wide. Nevertheless, a 
hallenging path still awaits.A.1 Expe
tations on HTS 
oated 
ondu
tors for fusion magnetsRequirements on the HTS 
oated 
ondu
tor in a fusion magnet are:
• High 
riti
al 
urrents in high magneti
 �elds at high temperatures.
• The 
ondu
tor has to withstand neutron irradiation without a performan
e loss.
• Homogeneity over long lengths of 
ondu
tors and low resistive spli
ing.
• Current sharing between strands, but low AC losses.
• Me
hani
al strength and a low stress dependen
e of Ic.
• Cables with a large heat removal 
apability.
• Easy to handle 
ables (preferable round).
• Materials should be inexpensive.A few of these points 
an already be realised with 
oated 
ondu
tors and some are still tobe resolved. In the following analysis, these expe
tations will be quanti�ed. However, beforedetailed information 
an be given, three basi
 parameters (Jc,JE ,Jc,E) have to be de�ned,even if they may be trivial for most readers.

3



A Introdu
tionThe 
riti
al 
urrent of a te
hni
al super
ondu
tor is rea
hed if a 
riti
al �eld Ec (mostly1µV/
m) is dete
ted on the super
ondu
tor. A

ordingly, the 
riti
al 
urrent density:
Jc =

Ic

Asc
(A.2)is the 
riti
al 
urrent divided by the super
ondu
ting 
ross se
tion Asc. Sometimes the 
riti
al
urrent per tape width, also known as sheet 
urrent density, is used for 
oated 
ondu
tors.Sin
e the thi
kness of the super
ondu
ting layer is about two orders of magnitude lower thanthe width, it makes sense to assume a two dimensional ar
hite
ture, where only a sheet 
urrentdensity:

J (2D)
c =

Ic

wsc
(A.3)is needed. Here wsc is the width of the super
ondu
tor.The enhan
ement of Jc in a super
ondu
ting material is a major subje
t in material s
ien
e.For an engineer or a 
oil designer, who wants to a
hieve a 
ertain �eld with the winding, theengineering 
urrent density:

JE =
I

Acond
(A.4)is the more important value. Here, Acond is the 
ross se
tion of the entire 
ondu
tor or 
able.In order to link the 
riti
al 
urrent to the 
ross se
tion of the wound 
ondu
tor we de�ne a
riti
al engineering 
urrent density:

Jc,E =
Ic

Acond
(A.5)Hen
e, an enhan
ement of Jc,E is important for future fusion 
oils.The highest �elds (Bmax) and 
urrents o

ur in the toroidal �eld 
oils (TF), denoted simplyas 
oils in Figure A.1. Therefore, the following investigations 
on
entrate on these 
oils. Forthe magneti
 �eld 
lose to the 
ondu
tor, the magneti
 �eld in the plasma (Bt), the majorradius of the Tokamak (Rp) and the plasma radius (ap) are important. The maximum �eld atthe 
ondu
tor 
an be estimated by [7℄:

Bmax =
κBt

1 − ap

Rp
− ∆int

Rp

(A.6)where ∆int is the distan
e between the internal plasma edge and the super
ondu
ting wind-ing and κ is an amplifying fa
tor from the average �eld to take into a

ount the sides of the
asing. Typi
al values in [7℄ were κ = 1.03 and ∆int=1.9m.The 
urrent in ITER TF 
oils is 68 kA at 11.8T and the 
orresponding engineering 
ur-
4
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tionrent density for the CICC1-
ondu
tor is ≈ 0.52·108 Am−2. Note, that there is already spa
efor the 
oolant and 
opper in the underlying 
ross se
tion. In a DEMO TF-
oil, JE 
ould be alittle bit smaller ≈ 0.42 ·108 Am−2 at a higher �eld of Bmax ≈14.4T [7℄. For a safe operation,
Jc of the 
able should be about three times higher than the 
urrent density during operation.Therefore, one 
an estimate for the 
riti
al engineering 
urrent density in a 
able with spa
efor the 
oolant:

JDemo
c,E (15T) ≈ 1.2 · 108 Am−2

The most favourable alternative to 
ooling with liquid He is to use liquid nitrogen. The tem-perature range of liquid nitrogen ranges from the boiling point of 77.36K (1 atm = 101.326kPa) to the solidi�
ation point of 63.15K (0.124 atm = 12.52 kPa) [8℄. Therefore, a minimumoperating temperature is de�ned as:
Tmin = 64KNote, that there also exist s
enarios with less 
hallenging requirements for HTS 
ondu
tors inthe 
ommunity. In these 
on
epts helium gas 
ooling, liquid hydrogen 
ooling (20K) or liquidhelium 
ooling (4.2K) is used.At the highest magneti
 �eld, one would always need at least JDemo

c,E .As mentioned previously, neutrons from the DT-rea
tion es
ape to the magnet 
oils andarrive at the 
ondu
tor with a wide energy spe
trum. The fast neutron �uen
e over the wholelifespan tls of ITER was 
al
ulated to be:
Φ · tls(E > 0.1MeV)=1022 m−2where Φ is the neutron �ux density. Note that all �uen
es in this work refer to fast neutrons(E>0.1MeV). A wide spe
trum of defe
ts arise due to neutron irradiation. Point defe
tsand point 
lusters lower Tc and therefore Jc. On the other hand extended defe
ts � so-
alled
ollision 
as
ades � are produ
ed by fast neutrons and in
rease Jc as they are e�e
tive pinning
entres. At high temperatures, both e�e
ts 
ompete with ea
h other and with in
reasing�uen
e the Tc redu
tion be
omes more dominant. Starting with Jc,0 in a pristine 
ondu
tor,

Jc in
reases with in
reasing neutron �uen
e (Φ · t) until a maximum is rea
hed at Φ · tmax.Afterwards, Jc de
reases with in
reasing �uen
e rea
hing the initial value Jc,0 at a 
ertain�uen
e. For higher �uen
es Jc de
reases further.At all times during operation Jc has to be higher than Jc,0 in the 
ondu
tor. Therefore,the highest operating temperature 
ould be used if Jc is equal to the initial value Jc,0 by theend of the rea
tor's lifespan.1Cable in Conduit Condu
tor 5
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Jc(B,T,Φ · tls) = Jc(B,T, 0)Currently two to three manufa
turing lines exist worldwide whi
h are able to produ
e ho-mogeneous 
ondu
tors of more than one km in one pie
e. The total 
ondu
tor length of aDEMO fusion 
oil was estimated to be in the range of approximately 300 000 km dependingon �eld, radius, et
. Therefore, 
able spli
ings with as low as possible resistive joints areneeded. Spli
ing Roebel-Rutherford or 
oaxial 
ables seems to be possible, but has not yetbeen demonstrated. Low resistive joints of single tapes have been investigated for varioussamples. Joint resistivities of about 2·10−12 Ωm2 have been rea
hed with AMSC 
oated 
on-du
tors.Lo
al inhomogeneities redu
e Ic. As a 
onsequen
e, thermal hotspots o

ur at the position ofthe impurities during operation. The smaller the 
ondu
tor, the higher are the requirementson its homogeneity. Currents 
annot bypass defe
ts. if the 
ondu
tor rea
hes the size of thedefe
ts. Nevertheless, if hotspots o

ur in a 
ondu
tor, the 
urrent �owing in this 
ondu
torshould be transferred to another one. Hen
e, resistive 
onne
tions between single 
ondu
torsare needed. But these 
onne
tions form 
losed loops in the 
able and therefore introdu
e AClosses. One has to optimise future 
ables with respe
t to these two e�e
ts and therefore adetailed knowledge of AC loss phenomena is important.At high magneti
 �elds and high 
urrents, signi�
ant for
es a
t on the magnets. Thesefor
es 
an a�e
t the super
ondu
tor in two di�erent ways. Firstly they 
ould damage the
ondu
tor irreversibly and, se
ondly, the 
riti
al 
urrents 
ould de
rease with in
reasing ten-sile stress even if they are in the reversible region. Therefore, the irreversible stress limit σirrshould be as high as possible and the sensitivity of the 
riti
al 
urrent (Ic(σirr)) on stress aslow as possible. Sin
e the irreversible limit in NbTi and Nb3Sn would be too low in ITER(σirr ≈ 100−200MPa, εirr ≈ 0.4% for a typi
al Nb3Sn/Bronze wire), the 
ondu
tors have tobe wound under 
ompressive stress. In other words, some pre-stress/strain is applied undernormal 
onditions. Furthermore, the CICC 
ables have to be me
hani
ally stabilised by radialplates in order to redu
e the stress/strain on the super
ondu
tor. In fa
t, about 55% of the
ross-se
tion material of the TF 
oils is 316LN stru
tural steel. A

ording to [9℄, the 
enteringfor
e, verti
al for
e and hoop stress maximum values of the TF 
oils are 403MN, 205MN and470MPa, respe
tively. In DEMO, the 
urrents of the TF-
oils are lower than in ITER, butthe �eld is higher. The for
es a
ting on the super
ondu
tor will approximately be similar inDEMO sin
e F ∝ J · B. Therefore, we assume a minimum 
riterion for the tensile stress for
oated 
ondu
tors, without pre-
ompression of

σirr,min =500MPa6
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tionin this study. Note that the joints between the 
ables/strands also have to withstand thesestresses without a signi�
ant 
riti
al 
urrent redu
tion. Hen
e, tensile stress measurementsof di�erent spli
ing te
hniques have to be performed in future 
ables as well.The super
ondu
ting 
oil has to handle quen
hes (transitions to the normal 
ondu
ting phase)during operation. Hen
e, a 
ertain amount of 
opper is ne
essary in order to limit the hotspottemperature to a 
riti
al value (e.g. 150K). If the temperature of the hotspot stays below this
riti
al temperature, the 
able should be able to re
over without damage. The amount of
opper has to be optimised for di�erent 
able designs. In the ITER Nb3Sn strands, the
opper/super
ondu
tor ratio is 1.3 [10℄. In 
opper-stabilised 
oated 
ondu
tors the ratio 
op-per/super
ondu
tor is typi
ally 40.The produ
tion 
osts of (RE)BCO 
oated 
ondu
tors mainly depend on the expensive va
-uum deposition te
hnique. Therefore, the 
ost per kAm is high in 
omparison to Nb3Sn(15 $/kAm). Currently, the pri
e for a SuperPower tape is about 175 $/kAm. In re
ent pre-sentations SuperPower In
. predi
ted to rea
h a pri
e of 30 $/kAm within the next 4 years[11℄. This rather optimisti
 pri
e 
ould be rea
hed by in
reasing the super
ondu
ting layerthi
kness. Other experts suggest a low-end limit of 50 $/kAm, whi
h 
annot be further re-du
ed due to the expensive va
uum deposition te
hnique. Note, as previously mentioned, theeasier assembly te
hnique of HTS 
ables 
ould also lower the overall 
osts.A genuine 
ost 
ut 
ould be expe
ted with �All 
hemi
al deposition te
hniques� (Chemi
alSolution Deposition, CSD). Su
h te
hniques exist, but do not as yet rea
h the performan
eof va
uum deposition te
hniques. Nevertheless, 
onsiderable e�orts are being made (e.g. inthe EUROTAPES-Proje
t) to improve su
h low-
ost manufa
turing te
hniques.A.2 Cuprates and 
oated 
ondu
torsCoated Condu
tors, often referred to as se
ond generation (2G) wires2, are based on(RE)Ba2Cu3O7−δ (REBCO or RE123) 
uprates. RE denotes rare earth materials, su
h as Y,Gd, Sm, et
. At the beginning of 
oated 
ondu
tor development, most of the materials usedwere Y-based. Figure A.2 shows the stru
ture of the YBCO 
ompound. The Cooper-pairs,whi
h 
arry the 
harge, are formed within the 
opper-oxide (CuO2) planes. Therefore, one
an speak of strong super
ondu
ting layers with weak super
ondu
ting planes in between.In these weak super
ondu
ting planes, the order parameter is redu
ed. The layered stru
-ture 
auses strong anisotropy e�e
ts. Let us 
onsider an applied �eld parallel to the CuO2planes (a,b-planes), as illustrated in Figure A.3(a). Sin
e HTS are type II super
ondu
tors,2�rst generation (1G) wires refer to BSCCO-2212 (Bi2Sr2Ca1Cu2O8) or BSCCO-2223 (Bi2Sr2Ca2Cu3O10)tapes 7
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Figure A.2: Crystal stru
ture of YBCO. The a,b-plane is parallel to the CuO2 planes, whereasthe 
-axis is perpendi
ular to the CuO2 planes. [12℄

(a) Intrinsi
 pinning for H‖a,b. If the 
ur-rent �ows along the a,b-planes, the Lorentzfor
e a
ts perpendi
ular to them on thevorti
es. (b) Arti�
ial pinning for H‖
. TheLorentz for
e a
ts parallel to the a,b-planesfrom left to the right.Figure A.3: S
hemati
 illustration of intrinsi
 and arti�
ial pinning in 
uprates.
8



A Introdu
tion�ux lines � or vorti
es � penetrate into the material. The magneti
 �ux inside ea
h vortexis exa
tly the �ux quantum Φ0 = h/(2e). Furthermore, the 
ore of these �ux lines is in thenormal 
ondu
ting phase. The vorti
es are pinned in between the super
ondu
ting CuO2layers sin
e the super
ondu
tor does not have to spend the whole 
ondensation energy of the�ux line on the 
ore volume, if the order parameter is already suppressed between the CuO2layers. This energy gain is 
aused by a pinning for
e and the whole e�e
t is 
alled intrinsi
pinning. As long as the Lorentz for
e (I × B) is smaller than the pinning for
e, 
urrents 
an�ow in the super
ondu
tor without losses. When the Lorentz for
e be
omes equivalent to thepinning for
e, the 
riti
al 
urrent Ic is rea
hed.One 
an imagine that the situation drasti
ally 
hanges if the applied �eld is parallel to the
-axis of the 
rystal. The �ux lines 
an only be pinned at grain boundaries or impurities andtherefore smaller 
riti
al 
urrents 
an �ow. S
ientists try to in
rease the pinning for
e in su
han arrangement by introdu
ing normal 
ondu
ting impurities � so-
alled arti�
ial pinning
entres (APCs) � with dimensions 
lose to the super
ondu
ting 
oheren
e length ξ (a fewnm). Vorti
es will be pinned by these normal 
ondu
ting impurities. Figure A.3(b) illustratessu
h situations for two di�erent kinds of defe
ts. Neutron irradiation is an e�e
tive way tointrodu
e defe
ts, but not appli
able for a long-length 
ondu
tor produ
tion. REO2 parti
lesare often used to 
reate point defe
ts in MOD(Metal-Organi
 Deposition) 
ondu
tors [13℄.In MOCVD(Metal-Organi
 Chemi
al Vapour Deposition) 
oated 
ondu
tors BaZrO3 growsin the form of 
orrelated nano-
olumns during the vapour deposition pro
ess [14℄. Note that
olumnar defe
ts 
an be oriented in di�erent angles, leading to favourable �eld dire
tionsbeside H‖a,b at low �elds.Manufa
turers try to optimise their tapes not only by introdu
ing di�erent nano-defe
ts,but also by trying di�erent rare earth elements in (RE)BCO, in some 
ases two or more, butall 2G wires have more or less similar ar
hite
ture. However, the manufa
turing pro
ess andthe resulting 
hara
teristi
s di�er greatly.In re
ent years, two main 
on
epts be
ame su

essful and both need to provide a bi-axiallytextured basis for the super
ondu
tor epitaxial growth. It is in
redibly important that thegrains are well-aligned in the a,b-plane, as a misalignment between the grain boundaries willlead to a signi�
ant redu
tion of the 
riti
al 
urrent [15℄[16℄.One manufa
turing pro
ess uses Ni-W alloys as a substrate and textures the substrateme
hani
ally by 
old work. The so 
alled RABiTSTM (Rolling- Assisted Biaxially-TexturedSubstrates) te
hnology, used by AMSC, is a widely used synonym for this pro
ess. The bu�erlayer between substrate and super
ondu
tor a
ts as a di�usion barrier and adjusts the latti
eparameters between the layers.The se
ond route uses metal alloys, su
h as Hastelloy R©, or stainless steel, as a substrate.9



A Introdu
tion

Figure A.4: The two main routes for 
oated 
ondu
tor manufa
turing.Contrary to the �rst pro
ess, the surfa
e of the substrate is untextured and therefore the bu�erlayers deposited on the substrate have to be textured to align the super
ondu
tor during thegrowth pro
ess. The IBAD (Ion Beamed Assisted Deposition) te
hnique is, for instan
e, amethod to texture the bu�er layer. Figure A.4 shows the two 
on
epts.The typi
al thi
kness of the substrate is between 50µm and 100µm, of the bu�er a few100 nm and the super
ondu
ting layer is about 1µm thi
k. The 
riti
al 
urrent density de-
reases in thi
ker (RE)BCO layers, as Jc drops in the upper regions of the �lm. However, theengineering 
urrent density JE 
ould be in
reased with thi
ker super
ondu
ting layers evenif the 
riti
al 
urrent density of the super
ondu
tor Jc be
omes smaller. Note, that it is 
ur-rently a major 
on
ern of 
ompany s
ientists to in
rease the super
ondu
ting �lm thi
kness.Lastly, a thin silver layer (≈ 2µm) prote
ts the (RE)BCO-�lm on the top, whi
h allows abetter 
urrent and heat distribution and stabilises the super
ondu
ting layer 
hemi
ally andthermally. Most of the manufa
turers additionally surround or laminate the 
ondu
tor with
opper for ele
tri
al stability and better handling.Usually 
ompanies do not provide their 
ustomers with detailed information about the su-per
ondu
ting layer. In reality, they 
hange 
ompositions without 
hanging the name of theprodu
t whi
h makes s
ienti�
 work more di�
ult. In the 
ase of the SuperPower samples(see Chapter D) an YBCO layer was anti
ipated. Di�erent behaviours were found in thesesamples, espe
ially after irradiation when 
ompared with older samples. After dis
ussing ourresults with the 
ompany we �nally re
eived details of the the 
orre
t 
omposition, whi
h wasGdBCO and not YBCO.
10
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(a) Single Roebel strand [18℄ (b) Assembled Roebel 
able [17℄Figure A.5: The Roebel 
able 
on
eptA.3 Cable 
on
epts(RE)BCO-
oated 
ondu
tors are the most promising HTS-wires for future fusion magnet 
oils.Cables with low AC losses and high 
urrent 
apabilities are needed to wind these 
oils. Dueto the 
oated 
ondu
tor geometry, it is not possible to twist the individual �laments, as inthe CICC-
ables for ITER. One of the most promising solutions to this problem is the Roebelassembled 
oated 
ondu
tor 
on
ept (RACC or just Roebel 
able). The idea of winding Roebel
ables from 
oated 
ondu
tors was �rst presented by Wilson 1999 and re-established by theKarlsruhe Institute of Te
hnology in 2006 [17℄. A Roebel 
able 
onsists of single meandershaped Roebel strands pun
hed out of a 
oated 
ondu
tor. These single strands, on
e woundtogether produ
e a fully transposed 
able. Figure A.5(a) illustrates one single strand woundinto a 
able and Figure A.5(b) shows an assembled Roebel 
able.The degradation of the 
urrent 
arrying 
apabilities due to self-generated magneti
 �eldsis approximately 60% in the Roebel 
able.Mu
h work has been undertaken with Roebel 
ables in re
ent years. The feasibility ofprodu
ing long length Roebel 
ables has been demonstrated [19℄, a further redu
tion of theAC losses has been obtained by striation of Roebel strands [20℄ and new 
on
epts of windingRoebel 
ables to Rutherford 
ables (Roebel-Rutherford 
able) have been presented [21℄.The 
able with the highest Ic rea
hed 2628A (5µV/
m 
riterion) at liquid nitrogen tem-perature in self-�eld. The 
riti
al engineering 
urrent density of the 
able was 9.53·107 A/m2.By de
reasing the strand width, the homogeneity of the 
oated 
ondu
tor begins to play a
ru
ial role. The strand width redu
tion, due to pun
hing or striation, redu
es the possibilityof 
urrents bypassing defe
ts.A further promising 
abling te
hnique is the 
oaxial 
able. IEE Bratislava demonstratedthe ability of a 
oaxial 
able, wound on a brass former, to 
arry 
urrents up to 900A [22℄.Furthermore, they investigated the losses of di�erent 
abling methods [23℄. Spiral woundGdBCO-
oated 
ondu
tors on a �exible round 
ooper wire (Condu
tor on Round Core Ca-ble CORCC) [24℄ were re
ently presented with the round 
ooper wire a
ting as a former forme
hani
al stability. A future 
oil 
able 
ould use the spa
e of the 
ooper wire as a 
ool-11
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tioning 
hannel. A two-phase 
able with an outer diameter of 10mm rea
hed an Ic of 7561A(JE = 9.6 · 107 Am−2) [25℄. Similarly wound 
ables with an Ic of 1232A were bent downto a bending radius of 12.5 
m without any redu
tion of Ic, whi
h demonstrates the strongdurability of this 
able. Stress and strain dependen
e are 
ru
ial for this kind of 
able. Forinstan
e, 
able wound from an YBCO instead of GdBCO-
oated 
ondu
tor would lead to ahigher redu
tion of Ic due to a stronger dependen
e of Ic on 
ompressive strain [26℄. FigureA.6(a) shows the 
ross se
tion of a spiral wound 
able.

(a) Cross se
tion of a spiral wound
oated 
ondu
tor 
able (b) Current terminationbefore solderingFigure A.6: Images of a four layer CORCC 
able taken from [24℄.The advantage of su
h a 
able is the good s
alability, sin
e there is less degradation of thewhole 
able Ic 
ompared to the sum of ea
h strand Ic. Furthermore, the assembling te
hniqueis less 
omplex than that of a Roebel 
able. One disadvantage, however, is the alignment ofthe 
ondu
tor surfa
e in the non favourable �eld dire
tion and, sin
e the 
able is arranged inlayers, a 
omplete transposition of the tapes is not possible. Early in 2012s CORCC 
ablesbe
ame 
ommer
ially available at Advan
ed Condu
tor Te
hnologies LLC [27℄.A.4 Neutron irradiationAs previously mentioned, a neutron es
apes from the plasma during the DT-fusion rea
tion.Most of its energy is deposited in the blanket (��rst wall�) where the heat is removed bya heat ex
hanger and used to drive a turbine. Due to the absen
e of ele
tri
 
harge, someneutrons will pass the blanket as well as the radiation shield and will therefore rea
h themagnet 
oils. From geometri
 
onsiderations, it is obvious that the highest �uen
e will o

urin the 
entral areas of the inner legs of the TF 
oils. The neutron spe
trum at the 
oilslo
ation was 
al
ulated for the STARFIRE fusion plant in [2℄ and is shown in �gure A.7. Asone 
an see, the neutron spe
trum of the TRIGA MARK II rea
tor in Vienna is similar to12
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Figure A.7: Neutron spe
trum at the magnet lo
ation. The red 
urve refers to the neutron�ux density distribution 
al
ulated for the STARFIRE fusion rea
tor design. Theother 
urves labeled TRIGA, IPNS and RTNS refer to irradiation fa
ilities usedfor irradiation studies of the magnet 
omponents. Figure taken from [28℄.the fusion spe
trum at high energies. Due to the higher �ux density in a �ssion rea
tor bya fa
tor of ≈ 104, the expe
ted lifetime-�uen
e 
an be applied in a rather short time. TheTRIGA rea
tor in Vienna has therefore demonstrated its suitability for simulating neutronradiation e�e
ts at the magnet lo
ation in a future fusion rea
tor.The damage in the material 
aused by the neutrons depends on the starting material. Fastneutrons (E>0.1MeV) 
ause 
ollision 
as
ades by transferring su�
ient energy to a primarykno
k-on atom, whi
h generates further 
ollisions in 
uprates [29℄[30℄. This leads to lo
almelting of the latti
e and spheri
al defe
ts with a diameter of ≈ 6 nm. The size of thesenormal 
ondu
ting impurities is 
lose to the size of a �ux line 
ore (2ξa,b ≈ 4nm at 77K) andtherefore to the dimensions of an optimal pinning 
entre. These defe
ts are un
orrelated andrandomly distributed. Fast-neutron-indu
ed 
as
ades have been shown to be responsible for�ux pinning and intrinsi
 
riti
al 
urrent enhan
ement in (RE)BCO [31℄[29℄.For YBCO, it was shown that thermal and epi-thermal neutrons do not generally lead toextended defe
ts. Epi-thermal neutrons (keV range) may 
reate point defe
ts or 
lusters, ifthe re
oil energy of the ex
ited atom is only high enough to displa
e the atom. These pointdefe
ts disturb the regularity of the CuO2 planes, whi
h redu
es the 
riti
al temperature andlowers the intrinsi
 peak. In YBCO, the redu
tion in Tc is rather weak (2K for Φ·t = 1022 m−2[5℄). Thermal neutrons (E < 0.5 eV ) will not a�e
t the material, as their transferred energydue to 
ollisions is below the displa
ement energy of a single atom.Nu
lei with very high neutron 
aption 
ross-se
tions for thermal and epi-thermal neutronsshould be avoided in 
oated 
ondu
tor materials. Unfortunately, new (RE)BCO 
oated 
on-du
tors, 
ontaining gadolinium (GdBCO) and samarium (SmBCO), have very high neutron
apture 
ross-se
tions. After neutron 
apture, the ex
ited nu
leus emits γ-rays and a re
oil13



A Introdu
tionenergy a
ts on the nu
leus. If this re
oil energy is su�
iently high, as in the transmuted
156Gd daughter of the 155Gd nu
leus (29 eV [31℄), a point defe
t is 
reated. Hen
e, in Gd orSm-
ompounds the thermal and epi-thermal part of the TRIGA rea
tor neutron spe
trum,whi
h deviates from the fusion spe
trum, 
ould play a 
ru
ial role.In Chapter D, results on irradiated GdBCO and Y-GdBCO tapes from SuperPower in theTRIGA rea
tor are presented. They show a signi�
ant performan
e loss.As already mentioned, the supplier of the samples did not inform us, about 
hanging theirmanufa
turing pro
ess and the substitution of yttrium by gadolinium in their tapes. There-fore, the samples were irradiated with the whole neutron spe
trum. However, in future exper-iments thermal and epi-thermal neutrons 
ould be shielded by a gadolinium-foil around thesample. The energy spe
trum of the neutrons would then be 
loser to a fusion spe
trum at themagnet lo
ation. Results of su
h irradiation studies will be 
ompared with the present resultsand would provide important information about the physi
s of GdBCO 
oated 
ondu
torsafter neutron irradiation.

14



B Coupling losses in di�erent geometriesIn order to understand 
oupling me
hanisms in 
omplex Roebel 
ables, single strands 
oupledin di�erent geometries have been investigated in this work. Simpli�ed analyti
al and semi-analyti
al models were developed for low and high AC �elds that des
ribe and predi
t thetime and frequen
y dependent losses as well as the 
oupling 
urrents 
aused by AC �elds.AC loss measurements were performed by a 
alibration free method (CFM) and with AC Halls
ans. Both measurements 
on�rm the model 
al
ulations. Furthermore, an algorithm for
al
ulating the 
urrent distributions and the time dependent losses from AC Hall maps wasdeveloped in this work and will be presented in the following.The losses in the 
oupled samples showed a strong frequen
y dependen
y. Di�erent 
ouplingsituations 
ause this frequen
y dependen
e and will therefore be dis
ussed with respe
t to:
• Modelling
• AC Hall s
an measurements (�elds, 
urrent distributions and losses)
• Calibration free method loss measurementsFurthermore, a striated Roebel single strand was investigated in order to test if the single�laments are 
oupled to ea
h other.B.1 SamplesB.1.1 Two strand Roebel loopsThe Roebel loops were assembled from two millimetre single Roebel strands. The original
ondu
tor of the strands is a SuperPower 2G-HTS-SCS12050 YBCO tape. This tape is 
oatedwith 20µm 
opper stabilizer on both sides. The detailed ar
hite
ture of this tape 
an be foundin se
tion D.1.1 on page 79. The Roebel shape of the strand was manufa
tured by IndustrialResear
h Limited. The pro
ess is des
ribed elsewhere [19℄.Seven samples were prepared. In order to distinguish between 
oupling and hysteresislosses we always prepared one insulated and at least one 
oupled sample of nearly the samegeometry. Three insulated (Short(I),Intermediate(I) and Long(I)) and four 
oupled samples(Short(C),Intermediate(C),Intermediate(C-HR),Long(C)) were assembled.Sample Intermediate(C-HR) was 
oupled with a higher resistivity than the others. FigureB.1 shows the geometry of the samples. 15



B Coupling losses in di�erent geometries
Figure B.1: Geometry of the 
oupled two-strand Roebel loop. The grey shaded area marksthe region of the 
oupling between the two strands. The resistan
e of the upperleft 
onne
tion is denoted as R1 whereas the lower right 
onne
tion as R2. ACHall s
ans were performed along the dashed line in y-dire
tion.The sample 
onsists of two single Roebel strands ea
h with one 
rossover part, whi
h wouldgenerate a 
ondu
ting loop if 
onne
ted. The dimensions are 
ru
ial for the losses, be
ausethey are proportional to the area en
losed by the super
ondu
tor and therefore proportionalto the indu
ed ele
tri
 �eld. The widths of the two single strands were not always equal.Hen
e, a mean value of w = (w1 + w2)/2 was used for all 
al
ulations. Using geometri
alapproa
hes, one �nds:

l = a + 2w (cot α + tan α/2) + b cot α (B.1)for the 
hara
teristi
 sample length, as indi
ated in �gure B.1. Three di�erent sizes of a wererealized. a ≈ 6.5mm (short), a ≈ 14mm (intermediately long) and a ≈35mm (long). Theangle α of the 
rossover part was 30o for all samples. Three low resistive 
oupled samples(short, intermediate and long length) were 
onne
ted with soldered 
opper bridges marked bythe grey shaded area in �gure B.1. The resistan
e between the single strands R1,2 is about 7µΩin the presen
e of the 
opper bridge. Typi
al dimensions of the 
opper bridges were 0.1mm
× 2mm × 8mm. The high resistive sample (intermediate length) was soldered without a
opper bridge, resulting in a resistivity of about 20µΩ between the strands. An InAg-solderwas used with a melting point of 143o C to solder the materials. The three insulated samples(short, intermediate and long length) had nearly the same dimensions as the 
oupled ones,but an insulating Te�on sheet was sandwi
hed between the two strands.Tables B.1, B.2 and B.3 show the details of ea
h sample.
B.1.2 Striated tapeA further approa
h for redu
ing AC losses in Roebel 
ables was presented by the KarlsruheInstitute of Te
hnology in 2010 [20℄. So 
alled striated Roebel strands were manufa
turedby pi
o-se
ond infra-red laser s
ribing of Roebel strands. Figure B.3 shows a typi
al sample.The Roebel strands were pun
hed out of a 12mm stabilizer free SuperPower 
oated 
ondu
tor16



B Coupling losses in di�erent geometriesName a (mm) b (mm) w1 (mm) w2 (mm) l (mm)Short(C) 6.05 1.05 2.05 1.95 17.0Short(I) 6.3 0.95 1.85 2.05 17.2Intermediate(C) 13.85 0.85 2.0 1.80 23.1Intermediate(C-HR) 14.05 1.10 1.95 1.8 24.1Intermediate(I) 14.05 0.90 2.15 1.95 25.1Long(C) 33.2 1.30 2.00 2.20 44.25Long(I) 34.3 0.85 2.00 2.10 45.25Table B.1: Geometri
al details of the samples
Name R1 (µΩ) R2 (µΩ) Ic1 (A) Ic2 (A) n1 n2Short(C) 7.0 7.0 38.9 38.8 26.7 29.6Short(I) - - 38.8 38.6 24.5 26.3Intermediate(C) 6.6 7.9 40.2 40.3 28.8 35.2Intermediate(C-HR) 17.4 20.4 38.0 38.5 23.4 22.1Intermediate(I) - - 39.8 41.0 25.5 23.2Long(C) 5.9 9.1 38.1 38.3 26.0 26.4Long(I) - - 38.5 37.5 23.7 23.7Table B.2: Ele
tri
al 
hara
terisation of the samples at liquid nitrogen temperature (T =
77K)
Name Lmeas (nH) Llf (nH) Lhf (nH) fc,lf(Hz)Short(C) 12.4 6.67 9.08 334Intermediate(C) 14.0 10.9 15.1 212Intermediate(C-HR) 16.0 12.0 16.1 502Long(C) 29.2 25.2 33.6 94.6Table B.3: Indu
tan
es of the 
oupled samples. Lmeas was measured with a standard RLC-meter before joining the se
ond bridge. Llf , Lhf and fc,lf were 
al
ulated from(B.28), (B.38) and (B.36), respe
tively.

17



B Coupling losses in di�erent geometries

Figure B.2: Photographs of the 
oupled samples. (a) Short(C); (b) Intermediate(C); (
)Intermediate(C-HR); (d) Long(C)
Figure B.3: Striated Roebel strand from KIT(SF12050). The distan
e between two �laments was found to be ≈25µm and the redu
tionof Ic due to the grooving was less than 10% [20℄.Figure C.9 on page 70 shows the separation of the super
ondu
ting layer into single �lamentsobtained by the magnetos
an te
hnique.B.2 Experimental details and evaluationB.2.1 Calibration free method (CFM)Magneti
 AC loss measurements of the Roebel loops were 
arried out during a resear
h stay atIRL (NZ) using a 
alibration-free ele
tromagneti
 te
hnique. This 
alibration-free method formeasuring magneti
 AC losses was originally developed by �Sou
 from IEE Bratislava [32℄. Adetailed des
ription of the set-up used at IRL 
an be found elsewhere [33℄. All measurementswere taken with the samples immersed in liquid nitrogen at a stable temperature of about77K. The applied AC �eld was always parallel to the 
-axis of the super
ondu
tor.The loss measurements always in
luded ba
kground measurements without a sample inthe sample 
oil. Espe
ially for the small and un
oupled samples, the ba
kground signal wassometimes of the same order of magnitude or even higher than the signal from the sample.Hen
e, the ba
kground signal was measured a few times and a mean value was used.

18



B Coupling losses in di�erent geometriesB.2.2 Hall-s
ans in AC �eldsSet-upHall s
ans in AC �elds were performed with an AC Hall s
an set-up, originally developedby E. Pardo, at the Atominstitut in Vienna. Figure B.4 shows a sket
h of the set-up. A

Figure B.4: AC Hall s
an set-upsinusoidal AC signal is generated by a standard wave form generator. The signal ampli�ed byan audio-ampli�er drives a normal 
ondu
ting ra
e tra
k 
oil with a re
tangular inner boreof 15× 1 
m. The sample is then pla
ed inside the 
oil and everything is immersed in liquidnitrogen, ensuring a sample temperature of about 77K during the measurement.A 
ryogeni
 Hall probe measures the lo
al �eld (Bz,signal) perpendi
ular to the sample.The Hall probe is moved by a stepper motor slightly above (≈ 100µm) the sample. The Hallvoltage is dete
ted by a lo
k-in-ampli�er using the wave form generator's TTL output signalas a referen
e. Fourier 
omponents up to the 9th harmoni
 are measured and allow a timedependent resolution of the �eld at ea
h position. For all AC Hall s
an measurements in this
hapter, the Hall probe was only moved in the y-dire
tion (see �gure B.4 for the 
oordinatesystem) above the sample. The spatial resolution was 100µm. The 
entre of the sample withrespe
t to the x-axis was positioned below the Hall probe. The e�e
tive area of the Hall probewas about 100µm.Evaluation of the lo
al applied �eldIn order to �nd the a

urate self-�eld of the sample at the positions of the Hall mapping,it was important to determine the lo
al applied �eld (µ0H(y, t)), pre
isely. The generated�eld was therefore measured without a sample at di�erent �elds. The lo
al �eld along thex-position was approximated by a �t to the measured data:
µ0H(y, t) = µ0H0 sin(ωt)

(

1 + 474.8 y2
) (B.2)
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B Coupling losses in di�erent geometriesUsing (B.2), the lo
al and time dependent applied �eld was entirely determined by H0.Under normal 
onditions, H0 has to be evaluated from the measured data when the sampleis inside the 
oil. A �rst approximation of H0 is a
hieved by 
hoosing H0 in a way thatsubtra
ting it from the measured �eld pattern would give zero at the outer edges. In a se
ondstep, H0 is varied as long as the net 
urrent 
al
ulated by the inversion of Ampere's lawis zero. Sin
e no 
urrent sour
es exist in the bore of the magnet, this 
ondition has to be
onstantly ful�lled and therefore presents a strong 
onstraint.Thus, at a 
ertain time, the lo
al self-�eld Bz(y, t) is obtained by subtra
ting the 
al
ulatedapplied �eld µ0H(y, t) from the measured �eld Bz,signal(y).An a

urate determination of the applied �eld is 
ru
ial for the inversion and loss evaluationfrom the raw data.Evaluation of the 
urrent distribution by inversion of Ampere's lawThe �eld above a one dimensional 
urrent distribution is obtained by Ampere's Law forin�nitely long samples:
Bz(y

′) =
µ0

2π

ˆ

y′ − y

(y′ − y)2 + (z′ − z)2
J (2D)(y)dy (B.3)where J (2D)(y) is the lo
al sheet 
urrent density. For dis
rete 
urrents with mmax = lmaxsingle wires, where lmax is the number of measured �elds and l,m are integers 1 ≤ l,m ≤

lmax = mmax, one 
an rewrite (B.3):Bl =
µ0

2π

mmax
∑

m=1

yl − ym

(yl − ym)2 + (zl − zm)2
· Im = Flm · Im (B.4)If one further assumes that the sample is slightly tilted to the s
anning plane with an angle

ϕ, one �nds for Flm:Flm =
µ0

2π
∆y

l −
(

m − 1
2

)

cos ϕ
(

l −
(

m − 1
2

)

cos ϕ
)2

∆y2 +
((

m − 1
2

)

sin ϕ∆y + z0

)2 (B.5)if the grid for the 
urrent of the non tilted sample is shifted by ∆y/2 with respe
t to themeasured �eld points. The distan
e between the highest point of the sample and the s
anningplane is z0. Figure B.5 illustrates the geometri
al approa
h.Flm 
an be easily 
al
ulated by numeri
al methods for this problem. Using a 
ommon linearequation solver, Im 
an be 
al
ulated within millise
onds on a standard PC. In this work, thestandard linear equation solver (s
ipy.solve) from the s
ienti�
 python pa
kage [34℄ was used.A 
orresponding 
urrent density for ea
h wire was 
al
ulated by dividing the dis
rete 
urrent
Im with ∆y and the thi
kness of the super
ondu
ting layer dsc.20



B Coupling losses in di�erent geometries
Figure B.5: Geometri
al approa
h of the inversion of Ampere's lawEvaluation of the magneti
 moment and the AC lossThe magneti
 moment per unit length of an in�nitely long stru
ture is given by:

M1D =

a
ˆ

−a

y J (2D)(y)dy =

m
∑

ym Im (B.6)On
e the magneti
 moment per unit length is determined, the loss per 
y
le and unit length
an be 
al
ulated from the hysteresis loop:
Q = µ0

˛

M1D dH = µ0

ˆ

M
dHdt dt = µ0

m
∑

ym Im
dHmdt dt (B.7)where the integral over the applied �eld dH is repla
ed by an integral over the time t. Theapplied �eld at ea
h position m, as well as the derivative, at a 
ertain time 
an be 
al
ulatedfrom (B.2), sin
e m is identi
al with a 
ertain y-value.B.3 Cal
ulation of the 
urrent distribution and the AC 
ouplinglossesThe magneti
 losses in a super
ondu
ting 
able 
onsist of:

Q = Qhyst + Qcoupl + Qeddy (B.8)where Qhyst is the hysteresis loss a

ording to Brandt [35℄, Qcoupl is the 
oupling loss, if onehas a 
losed loop, and Qeddy is the eddy 
urrent loss mainly from the 
opper.Hysteresis losses o

ur in all un
oupled super
ondu
tors due to the intrinsi
 shielding 
ur-rents if a �eld is applied. If one 
onne
ts super
ondu
ting tapes to a loop by resistive 
on-ne
tions, additional 
oupling 
urrents �ow in AC �elds over these 
onne
tions resulting inthe 
oupling losses. Coated 
ondu
tors 
onsist of many resistive 
omponents as substrates,silver layers or 
opper surroundings. In AC �elds, eddy 
urrents will also be indu
ed in these21



B Coupling losses in di�erent geometriesnon-super
ondu
ting materials. The losses 
orresponding to these 
urrents are denoted aseddy 
urrent losses in this work.In this se
tion, the hysteresis losses will be negle
ted sin
e they are well des
ribed in [35℄and [36℄. Nevertheless, in the following se
tions the 
oupling phenomena and their interplaywith the hysteresis phenomena is a major 
on
ern. The eddy 
urrent losses will be negle
tedsin
e they are mostly small when 
ompared with the other losses. Only at high �elds and highfrequen
ies the eddy 
urrents inside the 
opper bridges might disturb the 
urrents 
aused bythe hysteresis and 
oupling e�e
ts, as re
ently found in 
oupled parallel tapes [37℄. However,no in�uen
e of eddy 
urrents was found in the samples des
ribed in this work.In the following text, 
urrents that 
ause the hysteresis loss or in other words 
urrents that�ow in an un
oupled situation, are referred to as intrinsi
 shielding 
urrents. Furthermore,intrinsi
 shielding 
urrents �owing when no �eld is applied are referred to as trapped �ux
urrents.B.3.1 GeneralThe indu
ed voltage Vind in a 
urrent loop of an in�nitely thin wire is given by Faraday's law
Vind = −

¨

Ḃ dA (B.9)where B denotes the �eld inside the loop. In 
oated 
ondu
tors, thin �lm behaviour has to be
onsidered. Assumptions to des
ribe this behaviour in our samples will be presented in thefollowing se
tions. Figure B.6 shows the ele
tri
 equivalent 
ir
uit diagram for our samples.
Figure B.6: Ele
tri
 equivalent 
ir
uit diagram for a Roebel loop

Rsc and R respe
tively denote the resistivity of the super
ondu
tor due to the power lawand the resistivity of the ohmi
 
onne
tions.Substitution of Rsc by the power law V/Vc = (I/Ic)
n gives for the First Kir
hho� Law:

I
dL

dt
+ L

dIdt
+ R I(t) + Vc

I(t)n(B)

Ic(B)n(B)
− Vind = 0 (B.10)
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B Coupling losses in di�erent geometrieswhere Vc is the 
riti
al voltage 
orresponding to a 1µV/
m 
riterion, Ic is the 
riti
al 
urrent,
n the exponent of the power law, L is the indu
tan
e of the loop and B is the time dependentlo
al �eld. The indu
tan
e depends on the 
urrent distribution in the loop and therefore onthe history of the lo
al magneti
 �eld, too.For the two regimes (high �eld and low �eld regime) 
al
ulated in the following se
tions wefound that the indu
tan
e 
an be assumed to be 
onstant. Therefore, the �rst term in (B.10)be
omes zero in all our 
al
ulations.In order to �nd an equation for the �eld dependen
e of Ic and the n− value, the transportproperties of a 2mm wide single strand with H‖
 up to 8T were measured. Details of thismeasurements and the �nal equations of Ic(B) and n(B) are listed in se
tion B.4.The �eld, where a single strand is fully penetrated, Bp, 
an be 
al
ulated from [38℄ tobe Bp = 1.569µ0 Jc d/2. The 
al
ulated penetration �eld Bp is about 20mT for our singlestrands at 77K.For the modelling, the applied �eld is assumed to be homogeneous and sinusoidal:

Ha = H0 sin(ωt) (B.11)B.3.2 Low �eld regime (
oupling 
urrent Icoupling ≪ Ic(0T))At low �elds, the hysteresis losses are very small, be
ause they are proportional to B4 [35℄,thus only an equation for 
oupling losses and the indu
ed 
oupling 
urrents will be derived inthe following model. However, the intrinsi
 shielding 
urrents that 
ause the hysteresis lossesare 
onsidered, as they in�uen
e the 
oupling 
urrents and therefore the losses.At low applied �elds, vorti
es 
annot penetrate into the super
ondu
tor and the applied�eld is perfe
tly shielded. In un
oupled samples or at low frequen
ies, the 
urrents �ow asindi
ated in �gure B.7a in the sample if a �eld ~Ha = Ha ~ez is applied. Note that the 
urrentsare distributed over the whole width in a thin �lm. The arrows in �gure B.7 only indi
atethe maximum of the 
urrent distribution.The 
urrents in the overlapping part, illustrated by dashed lines, has to 
lose the 
urrentloops. A detailed study of this part remains open in this work. The �eld at the 
ross se
tionof the samples along the dashed line in �gure B.1, is illustrated in �gure B.8.The �ux inside the gap has to be nearly the same as far above the sample but fo
used byabout half the width of ea
h single strand. Note that this assumption 
an only be made if thegap is su�
iently wide and therefore the lo
al �eld of the at the inner edges is small 
omparedto the penetration �eld Bp. 23



B Coupling losses in di�erent geometries

Figure B.7: Current distribution at maximum applied �eld (H0, 
f. �gure B.11) in (a) theun
oupled, (b) an intermediate- and (
) the fully 
oupled 
ase. Panel (d) illus-trates the formal approa
h of des
ribing (a),(b) and (
) with two 
ir
ular �owing
urrents.

B

w

~ b+w

y

z

b+2w=A1D

Figure B.8: Flux fo
using between two 
oplanar parallel strips in in the un
oupled 
ase.
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B Coupling losses in di�erent geometriesThis so-
alled �ux fo
using e�e
t was 
al
ulated and dis
ussed in detail for in�nite 
oplanarparallel bulk pinning free stripes in the Meissner-state [39℄ and for penetrating �elds [40℄[41℄.With in
reasing frequen
y, the indu
ed voltages and 
oupling 
urrents begin to play a role.Hen
e, 
urrents �ow over the resistive 
onne
tions in the outer loop (see �gure B.7b), whereasthe inner 
urrents de
rease. At the resistive 
onne
tions, the indu
ed voltage leads to the
oupling losses. An intermediately 
oupled situation takes pla
e. In
reasing the frequen
yfurther leads to a �eld-free gap with 
lo
kwise �owing 
urrents shielding the whole super
on-du
tor. This fully 
oupled situation is sket
hed in �gure B.7
. Note that the 
urrent 
lose tothe gap �ows now in the same dire
tion as the 
oupling 
urrent holding the gap �eld-free.One 
an formally des
ribe all three situations using two 
ir
ular �owing 
urrents. These
urrents are denoted as IA and IB in �gure B.7d. The indi
es A and B denote di�erent
urrent distributions with di�erent duties. IA shields the super
ondu
tor from the applied�eld, whereas IB generates the �eld inside the gap.Note that IA primarily shields the super
ondu
tor and not the gap. Hen
e, a small amountof �ux ΦA,gap would penetrate through the resistive 
onne
tions and remain in the gap if IBis zero.In order to end up in the un
oupled situation, one 
an say that a 
urrent IB
uncoupled has togenerate the �ux di�eren
e between the fo
used �ux Φgap

uncoupled and ΦA,gap or
Φgap

uncoupled = ΦA,gap + ΦB,gap
uncoupled (B.12)Note that in (B.12) the applied �eld is already 
onsidered in ΦA,gap and ΦB,gap

uncoupled whi
h arefun
tions of the applied �eld Ha, as will be shown later. The net 
urrent in ea
h strip �owingthrough the parallel 
ross-se
tion, indi
ated by the dashed line in �gure B.7d, has to be zeroand therefore one �nds in the un
oupled 
ase:
Inet = IA + IB

uncoupled = 0 (B.13)
IA is �owing with the phase π to the applied �eld and shields the super
ondu
tor, whereas
IB
uncoupled is in phase with the applied �eld in order to produ
e the fo
used �ux.In the fully 
oupled 
ase IA is still shielding the whole super
ondu
tor and the 
oupling
urrent has to 
an
el IB

uncoupled (whi
h generates ΦB,gap
uncoupled) and further provide a small

IB
fullycoupled, generating formally equivalent −ΦA,gap to hold the gap �eld-free.These 
onsiderations lead to the 
on
lusion that the distribution of the 
oupling 
urrenthas to be the same as the 
urrent distribution of IB . Therefore, the indu
tan
e for low �eldsis given by:

Llf ≈
ΦB,gap

uncoupled

IB
uncoupled

(B.14)
25



B Coupling losses in di�erent geometriesIn all 
oupling situations, the net 
urrent in one strip follows:
Istrip = IA + IB

uncoupled + IB
coupling (B.15)where the phase of IB

coupling to the applied �eld is −π/2 − ϕ. The -π/2 shift follows dire
tlyfrom (B.9) assuming a sinusoidal �eld. The phase ϕ depends on the indu
tan
e of the sample,the resistivity of the 
onne
tions and the frequen
y of the applied �eld and will be 
alu
latedlater.In the un
oupled 
ase or at very low frequen
ies the 
oupling 
urrent be
omes zero and(B.15) redu
es to (B.13) and the fo
used �ux from (B.12) Φgap
uncoupled is inside the gap.In the fully 
oupled 
ase, the phase of the 
oupling 
urrent IB

coupling to the applied �eldis π (ϕ = π/2), 
an
elling IB
uncoupled and adding some additional 
urrent to hold the gap
ompletely �eld-free.Sin
e an analyti
 examination of the fo
used �ux Φgap

uncoupled and the indu
tan
e problemwould go beyond the s
ope of this work, a few assumptions had to be made for the appli
a-tion of existing equations.The fo
used �ux, 
urrent density distributions of IA and IB, and the already dis
ussedindu
tan
e were 
al
ulated for in�nite 
oplanar bulk pinning free parallel stripes in theMeissner-state by Brojeny et al. [39℄ in one dimension. If strong pinning 
entres and low�elds are assumed, the �ux and 
urrent distribution should not 
hange drasti
ally for �eldsslightly above Bc1.Similar to the un
oupled 
ase of �gure B.7a, the fo
used �ux per unit length inside a gapof two 
oplanar strips, assuming only Meissner 
urrents, was found as Case D in [39℄:
Φ1D,gap

uncoupled = µ0 Ha (b + 2w)
π/2K(k′)

(B.16)where (b + 2w) = A1D is the distan
e between the outer edges of the stripes, as markedin �gure B.8, K is the 
omplete ellipti
 integral of the �rst kind k = (b/2)/(b/2 + w) and
k′ =

√
1 − k2. The �ux inside the gap, generated by a 
urrent IB , was found as Case B in[39℄:

Φ1D,gap
B = µ0 H0,c (b + 2w)K(k) (B.17)where H0,c is a 
hara
teristi
 �eld. The net 
urrent density distribution in the un
oupledsituation is zero in ea
h strip. The 
urrent density distribution for IA is given by Case A in

26



B Coupling losses in di�erent geometries[39℄:
JA = −2Ha

d

x

|x|

(

x2 − ( b
2 )2
)1/2

(

( b
2 + w)2 − x2

)1/2
b
2 < |x| < b

2 + w

= 0 otherwise (B.18)The 
urrent density distribution for IB is given by Case B in [39℄:
JB = 2

H0,c

d

x

|x|
( b
2 + w)2

(

(

x2 − ( b
2 )2
)

(

(

b
2 + w

)2 − x2
))1/2

b
2 < |x| < b

2 + w,

= 0 otherwise (B.19)and the 
urrent is 
al
ulated with:
IB = 2H0,c

(

b

2
+ w

)K(k′) (B.20)The 
hara
teristi
 �eld H0,c is given in the un
oupled 
ase by Case D in [39℄:
H0,uncoupled = Ha

(E(k′)K(k′)
− k2

) (B.21)and for the 
oupling 
urrent by Case B in [39℄ with:
H0,coupling =

Icoupling

2 ( b
2 + w)K(k′)

(B.22)where E is a 
omplete ellipti
 integral of the se
ond kind. Combining the equations fromBrojeny et al. with the 
onsiderations from the Roebel loops, the 
urrent distribution in thelow �eld regime results from (B.15), (B.18) and (B.21), (B.22) used in (B.19):
Jcoupled = JA + JB

uncoupled + JB
coupling

=
2

d

x

|x|
1

(x2 − ( b
2 )2)1/2

1

( b
2 + w)2 − x2)1/2

·

·
[

Ha

(

(

b

2

)2

− x2 +

(E(k′)K(k′)
− k2

)

(
b

2
+ w)2

)

+
Icoupling

(

b
2 + w

)

2K(k′)

] (B.23)
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B Coupling losses in di�erent geometrieswhi
h simpli�es in the un
oupled 
ase to:
Juncoupled = JA + JB

uncoupled

=
2

d

x

|x|
1

(x2 − ( b
2)2)1/2

1

( b
2 + w)2 − x2)1/2

·

·Ha

(

(

b

2

)2

− x2 +

(E(k′)K(k′)
− k2

)(

b

2
+ w

)2
) (B.24)

Figure B.9 shows the resulting 
urrent distributions in the un
oupled 
ase, Juncoupled, fromB.9 as well as JA
uncoupled (B.18) and JB

uncoupled (B.19). The 
al
ulations in �gure B.9 are basedon the parameters of the long 
oupled sample at a �eld of 2mT.
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Figure B.9: Cal
ulated 
urrent distribution a

ording to (B.24).The 
urrent distributions of the 
oupled 
ase Jcoupled (B.23) at maximum applied �eld (µ0H=-2mT at t=T/4) and for various frequen
ies are shown in �gure B.10 using (B.30) for IB
coupling.On
e again the parameters of the long 
oupled sample are used.In the un
oupled 
ase in �gure B.10, JB

coupling a

ording to (B.23) is zero and the 
urrentdistribution is again given by JA
uncoupled and JB

uncoupled. With in
reasing frequen
y, the 
oupling
urrent JB
coupling be
omes higher until the fully 
oupled situation is rea
hed. As alreadydis
ussed in �gure B.7
, small 
urrents 
lose to the gap have to �ow in order to shield the gapand therefore prevent any further enhan
ement of the 
oupling 
urrent.28



B Coupling losses in di�erent geometries
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fully coupledFigure B.10: Cal
ulated 
urrent distribution for the long 
oupled sample a

ording to (B.23)at a maximum applied �eld of 2mT (t=T/4).Note that the 
urrents do not behave as in �gure B.10 over the whole time period for alter-nating �elds. Due to the frequen
y dependent phase between indu
ed voltage and 
oupling
urrent density JB

coupling, the maximum of the 
oupling 
urrent o

urs between zero and T/4.This phenomenon is illustrated in �gure B.11 and will be dis
ussed further below.For Roebel loops, one-dimensional 
onsiderations have to be extended to develop the two-dimensional problem. Imagine a re
tangular wire loop of length a′ and height b′. Multiplyinga �ux per unit length, whi
h is 
al
ulated for the distan
e b′ for an in�nitely long loop (denotedwith Φ1D), with a length a′, would lead to a �ux density inside a re
tangular area of Φrect =

Φ1D a′ = Φ1D a′ b′/b′ = Φ1D Arect/b
′.The �ux 
al
ulated in this way would underestimate the generated �ux by negle
ting the
losing 
urrents at the ends. Nevertheless, in order to take advantage of a simple solution, the
al
ulated �ux per unit length from (B.16) 
an be used for the fo
used �ux in our samples:

Φgap
uncoupled = Φ1D,gap

uncoupled

Aout

A1D
= µ0 Ha Aout

π/2K(k′)
= µ0 Ha Alf (B.25)where Aout is the area, marked in �gure B.14 with V outside, given by:

Aout =

(

a + w

(

1

tan α
2

+ tan
α

2

))

(b + 2w) − 2w2 tan
α

2

(

1

sin α
2

− 1

)2 (B.26)and
Alf = Aout · π/2 · 1/K(k′) (B.27)

Alf equals an e�e
tive area at low �elds. Roughly, Alf is given by a (b + w) (see �gure B.8and �gure B.1). However, in this work the more a

urate e�e
tive area a

ording to (B.27)is used. 29



B Coupling losses in di�erent geometriesIn order to �nd an equation for the indu
tan
e, similar 
onsiderations 
an be used for
Φ1D,gap

B in (B.17). Using (B.14),(B.17) and (B.20), one �nds �nally for the indu
tan
e in low�elds:
Llf = µ0K(k)/K(k′)

Aout

A1D
(B.28)where A1D = (b + 2w) (see �gure B.8). Table B.3 shows the 
al
ulated values of Llf for ea
hsample. From Faraday's law (B.9) follows:

V lf
ind = −

¨

Ḃgap dAgap = −Φ̇gap
uncoupled = −µ0Ḣa · Alf (B.29)For I ≪ Ic the 
ontribution of the super
ondu
tor in (B.10) 
an be negle
ted. Using the
omplex Fourier des
ription, one �nally obtains:

I lf
coupling =

1

R

V lf
ind

1 + ω2
L2

lf

R2

(

1 − jω
Llf

R

) (B.30)where j =
√
−1. The phase between voltage and 
urrent is therefore given by:

ϕ = atan(ω
Llf

R

) (B.31)For large dimensions (i.e. high indu
tan
e), high frequen
ies and/or low resistivity, the phasebetween 
urrent and voltage is 
lose to π/2, i.e. the �eld generated by the 
oupling 
urrentsis opposite to the applied �eld and shields the gap. For small dimensions and low frequen
ies,the phase between indu
ed voltage and 
urrent shifts towards zero and the applied �eld is inphase with the generated �eld inside the gap, as |Icoupling| be
omes zero. Using
P = Re {Vind · Icoupling} (B.32)(B.11), (B.29), (B.30) and
Qcoupl =

1

l

ˆ + T
2

−
T
2

P dt (B.33)one �nds a �nal equation for the 
oupling loss in the low �eld regime:
Qlf

coupl =
2

l
· A2

lf · π2 · f · µ0H
2
0

R
· 1

ω2
L2

lf

R2 + 1
(B.34)where l is the 
hara
teristi
 length of the sample. Comparing (B.34) with equations fromWilson [8℄

Qcoupl ∝
ωτ

(ωτ)2 + 1
(B.35)
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B Coupling losses in di�erent geometriesthe relaxation time τ is L/R and the 
riti
al frequen
y
fc =

1

2π

R

L
(B.36)Sin
e the area Alf is squared in (B.34), the dimensions of the gap and espe
ially the widthof the tape are 
ru
ial for the 
oupling loss.Figure B.11 shows the time dependent results of (B.11), (B.29), (B.30) and (B.32) fordi�erent frequen
ies during one time period for the 
oupled long sample.
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Figure B.11: Cal
ulated behaviour at a low AC �eld for the long 
oupled sample (fc=95Hz)
al
ulated from (B.11), (B.29), (B.30) and (B.32). Note that negative 
oupling
urrents Icoupling 
ir
ulate 
lo
kwise, i.e. have negative values of Ix for y < 0and positive values for y > 0 if y = 0 in the 
entre of the gap (see also dashedline and 
oordinate system in �gure (B.1).
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B Coupling losses in di�erent geometries
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Figure B.12: Cal
ulated 
oupling 
urrent and loss for the intermediately long high resistivesample (fc=502Hz) for di�erent frequen
ies. The 
olour 
ode is identi
al with�gure B.11.
With in
reasing frequen
y the indu
ed voltage in �gure B.11 in
reases a

ording to (B.29).The phase shift (B.31) of the 
oupling 
urrent leads to a non trivial 
urrent distribution inthe strands at di�erent times, as will be demonstrated later. The phase shift also leads tothe maximum of the loss per 
y
le Q at the 
riti
al frequen
y. The frequen
y dependentmaximum of the loss is hard to see in the plot of P · T in �gure B.11, but the integral overone period is higher at 89Hz (
lose to the 
riti
al frequen
y) than at higher frequen
ies. Within
reasing frequen
y, the losses be
ome rea
tive losses, as indi
ated by the negative valuesof the losses. Hen
e the integral over time and therefore Q be
ome in
reasingly smaller athigher frequen
ies. In other words, at low frequen
ies the loss is determined by the absolutevalue of the 
oupling 
urrent (whi
h is low for low frequen
ies) and at high frequen
ies theloss is determined by the phase shift of 90o, resulting in high rea
tive losses and relativelysmall ohmi
 losses. In between, at the 
riti
al frequen
y (at ϕ =45o) the ohmi
 losses havetheir maximum.Figure B.12 shows 
al
ulations for the intermediately long high resistive sample. Due tothe higher 
riti
al frequen
y of 502Hz, the phase shifts only by up to about 45o at 535Hz.Note that the time dependent loss per 
y
le P (t) ·T = P (t)/f is illustrated in �gure B.11 and�gure B.12 for a better 
omparison of the di�erent frequen
ies.B.3.3 High �eld regime (
oupling 
urrent Icoupling ≥ Ic(0T))For high �elds, full penetration of the applied �eld into the sample is assumed. The �eldgenerated by the shielding 
urrents is mu
h smaller than the applied �eld.32



B Coupling losses in di�erent geometriesIn the un
oupled or DC �eld-
ase, 
urrents �ow with Ic(B) similar to �gure B.7a redu
ingthe �eld inside the strands. A 
hanging �eld indu
es an ele
tri
 �eld in the whole super
on-du
tor. In the 
oupled 
ase, the ele
tri
 �eld reverses the intrinsi
 inner shielding 
urrents ifthe 
oupling 
urrent is Ihf
coupling > Ic(B). Thus, the shielding 
urrent (Ihf

coupling) �ows 
ir
u-larly around the whole sample trying to shield the entire geometry. Therefore, the intrinsi
shielding 
urrents 
an be negle
ted in all further 
onsiderations and the shielding generatedby the 
oupling 
urrent is 
onsidered in the following. Similar to the low �eld regime, theindu
tan
es of the Roebel loops are on
e again 
al
ulated from the magneti
 moment per unitlength between two 
oplanar parallel strands. Due to the assumption of Ihf
coupling > Ic and thepower law, the 
urrent should be distributed nearly equally over the whole 
ross-se
tion. The�eld distribution Bz,Brandt 
aused by a transport 
riti
al 
urrent in a thin �lm 
an be takenfrom [35℄. Superposition of the �elds of the oppositely �owing 
urrents gives the resulting�eld distribution of two parallel 
ondu
tors. Integration over the inner �eld leads to the �uxper unit length between the two strands. One �nds after elementary 
al
ulations:

Φ1D
hf =

ˆ y0+w+b

−y0

Bz,Brandtdy = µ0 Hc

(

w

2
ln(1 − w + b

y0

)

− 2 (w + b) atanh(2 y0

w

))(B.37)where Hc = Ic/(πw) and y0 denote the y-position where the �eld 
hanges sign. Point y0 is
al
ulated from y2
0 − (w + b) y − w2/4 = 0. Figure B.13 illustrates the �eld of two 
oplanarstrips with oppositely �owing 
urrents of Ic.
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yFigure B.13: Magneti
 �eld distribution of two in�nite parallel strips of width w and oppo-sitely �owing 
urrents. The distan
e between the two strips is b.Almost over the whole period, Ic, and therefore the �ux generated by the Ic-
urrent distribu-tion (Φ1D
hf ), determines the indu
tan
e. With the same 
onsiderations as in (B.25) and (B.28)
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B Coupling losses in di�erent geometriesone �nds for the indu
tan
e:
Lhf ≈ Φhf

Icoupling
=

µ0

π

(

1

2
ln(1 − w + b

y0

)

− 2 (1 +
b

w
) atanh(2 y0

w

))

Aout

A1D
(B.38)Here the absolute value of Icoupling depends on the magneti
 and ele
tri
 �eld, but the spatial
urrent distribution is given by the Ic-
urrent distribution, as dis
ussed previously. Hen
e

Icoupling is used instead of Ic in (B.37) leading to (B.38). The ele
tri
 �eld is lowest atthe inner edge of the loop and in
reases with the area of the en
losed magneti
 �eld to itsmaximum at the outer edge. In the following, we assume that Ihf
coupling > Ic(B) is rea
hed veryrapidly, as we 
onsider high �elds. Therefore, we overestimate the hysteresis losses during theshort time when the 
oupling 
urrents are smaller than the inner shielding 
urrents of thesuper
ondu
tor. In order to 
al
ulate the loss, the indu
ed voltage Vind has to be 
al
ulatedusing Faraday's law (B.9). The indu
ed voltage on the inner edge of the loop is given by:

V inside
ind = −

¨

Ḃ dA = −Ḃ · Ainside = −Ḃ · a b (B.39)and the voltage on the outer edge by:
V outside

ind = −
¨

Ḃ dA = −Ḃ · Aoutside (B.40)Both voltages are indi
ated in �gure B.14.
Figure B.14: Voltage applying on the samples edges as de�ned in (B.39) and (B.40)The mean value for the indu
ed voltage 
an be written as:

V hf
ind = −Ḃ ·

(

Ainside +
Aoutside − Ainside

2

)

= Ḃ · Ahf (B.41)where again an e�e
tive area is introdu
ed:
Ahf = l (w + b) − b

(

b 
otα + w 
otα
2

)

− 2
w2sinα (1 − sinα

2

)2 (B.42)34



B Coupling losses in di�erent geometriesThe indu
ed voltage V hf
ind from (B.41) is used as V in (B.10). Thus, the di�erential equationfor I 
an be solved numeri
ally by the Euler formalism for several time periods and thereforethe 
oupling 
urrent Ihf

coupling(t) = I(t) is found.The loss 
an be 
al
ulated from:
P hf

coupl(t) = V hf
ind(t) Ihf

coupling(t) = µ0 Ḣ(t)Ahf Ihf
coupling(t) (B.43)and (B.33).Figure B.15 shows the 
al
ulated properties at di�erent applied �elds. The dimensions of thelong 
oupled sample were taken for these 
al
ulations.The �eld dependen
es of Ic and the n− value are 
ru
ial in these 
al
ulations. Both valueswere 
al
ulated with (B.49) and (B.50) from experimental single strand data.

Ic and the n− value rea
h their maximum values in the absen
e of an applied �eld at t = 0and t = T/2.At t=0, the indu
ed voltage and Ic(B) have a maximum. Therefore, the 
oupling 
urrenthas a maximum and due to the high indu
ed voltage, the 
oupling 
urrent is signi�
antlylarger than the self-�eld Ic(0). With in
reasing �eld (0 to T/4) the 
riti
al 
urrent of thestrand and the indu
ed voltage de
rease. At T/4, the 
oupling 
urrent is redu
ed 
omparedto Ic(0) by approximately the same amount as it was enhan
ed 
ompared to Ic(0) at t=0.At t=0 the indu
ed voltage dominates the 
oupling 
urrent (enhan
ement 
ompared to Ic(0))whereas 
lose to T/4, the �eld dependen
e of Ic dominates (redu
tion 
ompared to Ic(0)).Both e�e
ts lead to a slightly 
hanging 
oupling 
urrent (between 0 and T/4) with a meanvalue, whi
h is approximately the self-�eld Ic. We will see later, that the assumption of a�eld independent 
onstant Ic will give a good approximation for the losses in our sample (seealso �gure B.34 on page 59) although it does not des
ribe the entire physi
s. The short timespan when the 
oupling 
urrent 
hanges sign is the time when the 
oupling 
urrent is smallerthan Ic(B). During this time, the assumption Ihf
coupling > Ic(B) is not ful�lled. At higherapplied �elds, this time span be
omes shorter. Note that the phase between 
oupling 
urrentand indu
ed voltage shifts towards zero with higher �elds due to the in
reasing resistivity ofthe super
ondu
tor 
ompared to the 
onstant indu
tan
e.Due to the nearly 
onstant 
oupling 
urrent, the magnitude of the loss mainly depends onthe indu
ed voltage. Note that the loss has distin
t maxima at 0 and T/2.Finally the loss per unit length 
an be 
al
ulated using (B.33):

Qhf
coupl = ωµ0H0

Ahf

l
w

ˆ + T
2

−
T
2

Jhf
coupling(H, t) cos(ωt)dt (B.44)
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Figure B.15: Cal
ulated behaviour at di�erent applied AC �elds for the long 
oupled sample.Solid lines refer to 100mT, dashed lines to 150mT and dotted lines to 200mT.The frequen
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B Coupling losses in di�erent geometrieswhere Jhf
coupling = w dsc Ihf

coupling is the 
urrent density and dsc is the thi
kness of the super-
ondu
ting layer.If Jc was independent of the magneti
 �eld and the 
oupling 
urrent density was limitedby Jc, (B.44) 
ould be solved easily by Jhf
coupling = cos(ωt)/ |cos(ωt)| Jc for su�
iently high�elds (ϕ → 0), leading to:

QJc=const
coupl = 4µ0H0

Ahf

l
w d Jc (B.45)for the loss per unit length. Note that the frequen
y dependen
e disappears in (B.45). Asdis
ussed previously, (B.45) is a good assumption in our samples, as the 
oupling 
urrentvaries nearly symmetri
ally around the self-�eld Jc during a time period.For two 
oupled parallel tapes, Ahf is given by a (b + w) and therefore (B.45) be
omes:

QJc=const
coupl,parallel = 4µ0H0 (b + w)w dJc (B.46)with l = a in a re
tangular geometry. For b = 0, (B.46) is exa
tly the hysteresis loss at high�elds for a strip with width 2·w 
al
ulated by Brandt [35℄:

QJc=const
Brandt = 4µ0(H0 − 1.386Hc)w2 d Jc (B.47)without the redu
tion of H0 by 1.386Hc. Hc is de�ned in [35℄ as J

(2D)
c /π. The dis
repan
ywith (B.46) vanishes for �elds H0 ≫ Hp ≫ Hc, whi
h was assumed in our high �eld model.Due to the w2 dependen
e in (B.47), the hysteresis losses are two times higher if two tapes ofthe width w were 
onne
ted to one tape of the width 2·w with super
ondu
ting joints. This�super
ondu
ting 
oupling� is often referred to as single blo
k limit and des
ribes an upperloss limit for a fully 
oupled sample. In other words, if one 
ouples two insulated 
oplanarparallel strips without a gap, one doubles the losses. Note that this is the main argument forstriating tapes.The situation is di�erent if there is a gap between the strips. In this 
ase, the loss of thefully 
oupled situation is proportional to (b + w)w as found in (B.46), whereas the loss ofea
h insulated strip is still proportional to (w/2)2. Thus, the upper limit for a fully 
oupledsituation is given by:

QJc=const
upperlimit =

w(b + w)
(

w
2

)2
+
(

w
2

)2 QJc=const
uncoupled(

w

2
) (B.48)where QJc=const

uncoupled is given by (B.47) without the redu
tion of H0. Thus, in a sample with w=2and b=1, the upper loss limit is three times that of the hysteresis losses of the insulated tapes.Lastly, another e�e
t should be mentioned. The dominant and in
reasing resistivity of thesuper
ondu
tor in high �elds 
ompared to more or less 
onstant indu
tan
e Lhf leads to a37



B Coupling losses in di�erent geometriesphase shift and a 
orresponding shift of the 
riti
al frequen
y fc of the loop to higher values.The phase shift was also 
al
ulated numeri
ally and 
an be found in measurements of thelong 
oupled sample in the following se
tion. Note that the existen
e of a 
riti
al frequen
ysimilar to the low �eld 
ase with a de
reasing loss above this frequen
y was not measured inthis work and is not expe
ted at high �elds. In the numeri
al 
al
ulation, a de
rease of losswas only found for very high frequen
ies (MHz) where the model is no longer valid.The high �eld method developed 
an also be used to 
al
ulate the losses of AC ripples athigh DC �elds. Figure B.16 shows the result of di�erent AC �elds in a 1T ba
kground �eld.At 1T, Ic and n − value respe
tively 
hange more or less sinusoidal around 7.25A and 11.2,due to the DC ba
kground �eld. Hen
e, the 
riti
al 
urrent is more or less 
onstant. The
oupling 
urrent appears re
tangular, as expe
ted from a �eld independent 
riti
al 
urrent.Note that the more or less 
onstant 
oupling 
urrent (between T/4 to 3T/4 and 3T/4 to T/4)is higher than Ic(B) due to the high indu
ed voltage. The loss follows the absolute valueof the indu
ed voltage sin
e there exists nearly no phase shift between indu
ed voltage and
urrent. The losses are mu
h smaller with an applied DC �eld, due to the smaller 
oupling
urrent (smaller Ic), whereas the indu
ed voltage remains the same.One has to be aware that at high �elds and frequen
ies the surrounding 
opper a
ts as aparallel loop and has to be 
onsidered. At 1T DC, 200mT AC and 22Hz, the resistivity ofthe super
ondu
tor using the power law would be two orders of magnitude lower than that ofthe 
opper surrounding for the long 
oupled sample. Hen
e one 
an negle
t the eddy 
urrentsin the 
opper. At a higher frequen
y of 535Hz, the resistivity of the super
ondu
tor is alreadyhalf that of the surrounding 
opper and therefore 
urrents (whi
h are not 
onsidered in these
al
ulations) will �ow parallel to the super
ondu
tor in the samples. Furthermore, indu
ededdy 
urrents in the 
opper bridges will disturb the 
urrent �ow of the 
oupling 
urrents,leading to an �enhan
ement� of the bridge resistivity. This e�e
t was found for two 90mmlong parallel tapes 
onne
ted with 5mm x 5mm 
opper bridges in [37℄.B.4 Single Roebel strand 
hara
terisationThe transport properties of a single Roebel strand are shown in �gure B.17. A 26mm longpie
e was 
ut out of the insulated long sample. Sin
e our model does not 
onsider the parallel
opper loops, whi
h be
ome important at high �elds, the data were �tted only up to 2T withthe Kim-model:
Jc(B) =

J0

1 + B
Bk

(B.49)
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e of a 2mm Roebel single strand at 77K. Solid lines representsthe �t fun
tions (B.49) and (B.50). Note that the �t range was limited by 2Tas no �elds higher than 1T were 
al
ulated.where J0 and Bk were �tted and resulted in 2.54·1010 Am−2 and 0.135, respe
tively. Theaverage self-�eld was added to the applied �eld (µ0H) resulting in the lo
al �eld dependen
eof the 
riti
al 
urrent Jc(B). The measured self-�eld Jself
c of the strand was about 2.2·1010Am−2.The n − value was �tted by:

n(B) =
n0

(

1 + B
Bn

)α (B.50)with n0=31.2, Bn=0.094 and α=0.43.B.5 Results of the s
anning measurementsB.5.1 Two-strand Roebel loopIn order to investigate �eld and 
urrent distributions in weaker and stronger 
oupled samples,the intermediately long high resistive sample and the long low resistive sample were 
hosenfor s
anning measurements. Line s
ans perpendi
ular to the tape dire
tion (y-dire
tion) wereperformed at the 
entre of ea
h sample, as indi
ated by the dashed line in �gure B.1 on page16. Three di�erent AC �elds (µ0Hmax=2mT, 26mT and 50mT) were applied during thes
ans. The �eld of 2mT was 
hosen to investigate low �eld e�e
ts. 26mT 
orresponds tothe penetration �eld observed in the AC loss measurements in se
tion B.6 and the highestpossible �eld within the frequen
y range of our set-up was 50mT.The applied �eld was sinusoidal, hen
e the maximum �eld o

urred at T/4 and be
omingzero again at T/2. Only the �rst half of the time period (0-T/2) is displayed in the following
40



B Coupling losses in di�erent geometries�gures (B.18 - B.24). The �eld and 
urrent distributions from zero to T/4 and from T/4 toT/2 are illustrated on the left and the right side of the �gures, respe
tively. Sin
e the samplesdo not have a perfe
t two-dimensional stru
ture, the distan
e between Hall probe and strandwas not always the same for ea
h strip. Nevertheless, a 
onstant distan
e was assumed for theinversion of the �eld of the long sample. For the intermediately long high resistive sample,an angle of 1o a

ording to �gure B.5 was assumed. At the two higher �elds, the in�uen
e ofa small defe
t in the long sample on the left strip is seen as well. Note that the grey shadedareas in the following �gures mark the approximate positions of the super
ondu
ting strips.AC s
ans at 2mT (low �eld regime)In order to show three di�erent 
oupling situations, the long 
oupled sample with a 
al
ulated
riti
al frequen
y of about 95Hz was 
hosen for the low �eld limit.

-2

-1

0

1

2

3

4

B
 (

m
T

)

0 → T/4

-1.1010

-5.109

0

5.109

1.1010

-3 -2 -1  0  1  2  3

J x
 (

A
m

-2
)

y (mm)

0

T/16

T/8

3T/16

T/4

T/4 → T/2

-3 -2 -1  0  1  2  3

y (mm)

T/4

5T/16

3T/8

7T/16

T/2Figure B.18: Low �eld behaviour of the long 
oupled sample at 4.5Hz. Nearly un
oupled 
ase.
41



B Coupling losses in di�erent geometriesWeak 
ouplingFigure B.18 shows the (nearly) un
oupled limit at the lowest measured frequen
y of f=4.5Hz.At the beginning (t = 0), trapped �elds and the 
orresponding 
urrents are seen very 
learlyat the edges of the super
ondu
ting strips. In the weakly 
oupled 
ase, the 
oupling 
urrenthas a maximum 
lose to zero and T/2 (see �gure B.11: 4.5Hz), but is small due to the lowfrequen
y. Nevertheless, the �eld inside the gap is slightly enlarged at zero �eld, hen
e avery small 
oupling 
urrent �ows. With in
reasing �eld, the shielding 
urrents IA and the180o shifted IB
uncoupled in
rease, whereas the 
oupling 
urrent stays small. Therefore, the
oupling 
urrent 
an always be negle
ted. In other words, the intrinsi
 shielding 
urrents1�ow in 
losed loops at all times in ea
h strip of this sample.At the maximum �eld of 2mT (t =T/4), the �ux is fo
used in the gap and therefore the�eld inside the gap is higher than the applied �eld. With de
reasing �eld, the �eld insidethe gap follows the applied �eld in phase, indi
ating that the 
oupling 
urrent is too small toprodu
e an out of phase �eld. Remember that the 
oupling 
urrent is at least -90o shifted tothe applied �eld (from (B.9)) and would therefore in�uen
e the time dependent �eld.Strong 
ouplingFigure B.19 shows a nearly fully 
oupled 
ase at f=535Hz. At t = 0, a small trapped �eldand a small �eld 
aused by the 
oupling 
urrent are present. At the outer edges, the in�uen
eof the trapped �ux 
urrents2 results in a lo
al 
urrent density maximum (y ≈ −2.2mm) inthe left strip and a lo
al 
urrent density minimum (y ≈ 2.5mm) in the right strip. Thesmall 
oupling 
urrent (see. �gure B.11: 535Hz) prevents an oppositely �owing trapped �ux
urrent, as in the weak 
oupled situation. At the inner edges, the 
oupling 
urrent and the
orresponding �eld dominate, as the 
urrent distribution of the 
oupling 
urrent IB

coupling hasa maximum at the inner edge. Although the 
oupling 
urrent be
omes nearly zero 
lose to 0and T/2 (see �gure B.11: 535Hz), its in�uen
e is still visible. Due to the remaining non-zero�eld inside the gap, one 
on
ludes that the phase ϕ between indu
ed voltage and 
urrent hasnot rea
hed the fully 
oupled regime (ϕ = 90o). From (B.25) one �nds ϕ=80o (a

ording toa phase shift of -10o to IA or the applied �eld). Therefore, the indu
ed �eld �shields� thegap before the �eld is applied. In other words, IB
coupling �ows slightly ahead of the intrinsi
shielding 
urrent IA. Nevertheless, the situation is very 
lose to a fully 
oupled s
enario,where the 
oupling 
urrent always 
an
els IB

uncoupled and, is therefore, in phase with IA. Within
reasing �eld (0 to T/4), the 
oupling 
urrent in
reases and 
an
els with a slight phaseshift IB
uncoupled. Thus, at all times mainly IA �ows in the sample 
orresponding to a 
urrent1The intrinsi
 shielding 
urrents were de�ned at the beginning of se
tion B.3 as the 
urrents shielding ea
hstrip in the un
oupled 
ase and 
ausing the hysteresis losses.2The trapped �ux 
urrents were de�ned at the beginning of se
tion B.3 as the intrinsi
 shielding 
urrents at

t=0 or t=T/2 (if no �eld is applied). 42
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B Coupling losses in di�erent geometriesdistribution shielding the whole super
ondu
tor. Most of the �ux is expelled from the gapand the super
ondu
tor, resulting in enhan
ed lo
al �elds at the outer edges.At the maximum applied �eld (T/2), the 
urrent distributions are similar to the 
al
ulateddistributions for the fully 
oupled 
ase in �gure B.10. Due to the slight phase shift, the
urrent density at the inner edges, where the 
oupling 
urrents have a lo
al maximum, alreadyde
reases between 3T/16 and T/4. With de
reasing �elds (T/4 to T/2), the in�uen
e of thephase shift at the inner edges is observed again, where the whole 
urrent distribution 
hangesthe sign after 3T/8. This is again a result of the ahead �owing IB
coupling.
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T/2Figure B.20: Low �eld behaviour of the long 
oupled sample at 89Hz. The frequen
y is 
loseto the 
riti
al frequen
y, hen
e an intermediate 
oupling situation o

urs.Intermediate 
ouplingFor all frequen
ies between the un
oupled and the fully 
oupled situation, intermediate 
ou-pling situations o

ur. The situation for the sample 
lose to the 
riti
al frequen
y (f=89Hz)is illustrated in �gure B.20. 44



B Coupling losses in di�erent geometriesFrom �gure B.11, one dedu
es that the 
oupling 
urrent has a maximum at t ≈T/8 andbe
omes zero at t ≈3T/8 (
orresponding to ϕ ≈ 45o at the 
riti
al frequen
y). At t = 0, the�eld is generated mainly by the 
oupling 
urrent. Sin
e the trapped �ux 
urrents are verysmall 
ompared to the 
oupling 
urrent, the shape of the 
urrent density is similar to JB in�gure B.9. This fa
t justi�es the approximation of se
tion B.3.2 to 
al
ulate the indu
tan
ewith the 
urrent distribution found by Brojeny et al. [39℄.With in
reasing �eld, the (absolute) 
oupling 
urrent in
reases more strongly than theintrinsi
 shielding 
urrents, rea
hing its maximum at T/8 (see �gure B.11: 89Hz). Hen
e,a �fully 
oupled� situation o

urs at T/8. In
reasing the �eld further allows the intrinsi
shielding 
urrents to in
rease and the (absolute) 
oupling 
urrent de
reases. At T/4, whenthe maximum �eld is applied, a mixed situation arises.With de
reasing �eld, the shielding 
urrents as well as the absolute 
oupling 
urrent de-
rease. Sin
e the shielding 
urrents de
rease more slowly than the (absolute) 
oupling 
urrent,the fo
used �ux inside the gap in
reases further. Close to 3T/8, the 
oupling 
urrent be
omeszero and therefore an �un
oupled� situation is found. By de
reasing the �eld further, the
oupling 
urrent in
reases, whereas the shielding 
urrents tends to zero at T/2. The distri-bution of the 
oupling 
urrent at T/2 mirrors the 
urrents at t=0. Due to the non negligiblemagnitude and the phase of the 
oupling 
urrents, no trapped �ux 
urrents are seen at thisfrequen
y.Su
h �un
oupled� and �fully 
oupled� snap-shots within a time period are observed forevery frequen
y but at di�erent times. The �fully 
oupled� situation o

urs at t = ϕ/360·Twhen the 
oupling 
urrent rea
hes its maximum and the �un
oupled� situation o

urs at
t = ϕ/360·T+T/4. For ϕ ≈ 0o or ϕ ≈ 90o, the un
oupled or the fully 
oupled situation,respe
tively, dominate over the whole time period, as dis
ussed previously.AC s
ans at 26mT (penetration �eld regime)From the AC loss measurements, a peak in the Γ-plots was found around 26mT (see se
tionB.6) for all samples. At this peak, the �eld should be able to penetrate the whole sample,leading to the highest loss fa
tor Γ. The low �eld assumptions are not valid, as the intrinsi
shielding 
urrents are 
lose to Ic. Furthermore, the 
oupling 
urrent is 
lose to Ic for thestrongly 
oupled sample. Therefore, the power law begins to play an important role and theassumption of a 
onstant resistivity R of the loop is invalid either. As the 
oupling 
urrentsare not higher than Ic most of the time, the high �eld regime is unobtainable.
Weak 
ouplingIn order to show a nearly un
oupled 
ase, the data obtained from the intermediately long45
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B Coupling losses in di�erent geometrieshigh resistive sample at 22Hz is dis
ussed. Note that the left strip of the sample was slightlybelow the right one and therefore an angle of 1o a

ording to �gure B.5 was assumed. FigureB.21 shows the nearly un
oupled situation.At t=0, the remanent �eld of un
oupled strips is trapped in ea
h strand. The minimumof ea
h �eld pro�le is a result of in
omplete �ux penetration. The �eld at the 
entre of ea
hstrip should still be nearly zero at maximum applied �eld if the penetration �eld equals themaximum applied �eld. In the present situation, the applied �eld seems to be slightly above
Bp, resulting in small oppositely �owing 
urrents in the 
entre of ea
h strip at t=0 (see Jx ofthe right tape).The shielding 
urrents in
rease further with in
reasing �eld, reversing the trapped �ux
urrents at the 
entre. For �elds above 20mT (t>T/8), the �eld dependen
e of Ic is alreadyimportant. The gradient of the �eld be
omes smaller and indi
ates that the 
urrent densityde
reases. The 
urrent maximum moves towards the 
entre of the strip. Due to the �elddependen
e of Ic, the super
ondu
tor is unable to shield as mu
h �ux at T/4 as at T/16inside ea
h super
ondu
ting strip. Note that the gradients of the 
urrents de
rease at theinner and outer edges of the super
ondu
ting strips up to T/4.The 
urrents at the edges reverse at de
reasing �eld, redu
ing the net 
urrent and generatingtwo �eld domes in ea
h strip. This e�e
t is observed from 3T/8 to T/2, but should havealready started on
e the maximum �eld had been rea
hed at T/4. The minimum �eld insidethe super
ondu
tor at 3T/8 is about twi
e the minimum at T/8. The shielding 
apabilityis redu
ed by about a fa
tor of two due to the trapped �ux behaviour (i.e. the ba
kwards�owing 
urrents at the outer edges of ea
h strip). At 7T/16 the oppositely �owing 
urrents
an be seen 
learly.
Strong 
ouplingFigure B.22 shows the lo
al �elds and 
urrents of the long 
oupled sample at 353Hz.At t=0, the 
urrent �owing inside the strips has a �at lo
al maximum at the outer edges andwould be able to shield almost the entire sample if a positive �eld were applied. Note that this
urrent distribution is 
ompletely di�erent from the 
urrent distribution at low frequen
iesfor the 
oupled sample. The trapped �ux 
urrents, as previously shown, are mu
h strongerand in�uen
e the shape of the distribution. Furthermore, the �eld is now able to penetratethe strip-
entre and therefore the 
oupling 
urrent has to shield more than the gap. Here, the
oupling 
urrent reverses the oppositely �owing trapped �ux 
urrents at the inner edges andtherefore the 
urrents �ow only in one dire
tion in ea
h strip. Due to the 
urrent distributionof the intrinsi
 shielding 
urrents (see t=0 in �gure B.21), the 
urrent is lower at the inneredges than at the outer edge at t=0.
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B Coupling losses in di�erent geometriesUp to T/8, the 
urrents in
rease trying to shield the entire sample. After T/8, Ic de
reasesbe
ause of the magneti
 �eld, but on the other hand the 
oupling 
urrent is still in
reasing.This is indi
ated by the slight in
rease of the maxima at the inner edges of the 
urrentdistribution. In the weakly 
oupled 
ase, they are already redu
ed at this time. Note thatthe maximum of the 
urrent distribution shifts towards the 
entre due to these e�e
ts. After3T/16, the 
oupling 
urrent rea
hes its maximum and the �eld dependen
e wins, resulting ina redu
tion of the 
urrent maximum at T/4.With de
reasing �eld, the 
urrents should 
hange their dire
tion at the inner and outeredges. This e�e
t was 
learly seen at lower frequen
ies (not depi
ted) if the 
oupling 
urrentswere already lower. At 353Hz, the ba
kwards �owing 
urrents are only observed at the outeredges. If a transport 
urrent �ows in one dire
tion similar to the 
urrent distribution at T/4,a redu
tion of the net 
urrent would take pla
e by symmetri
 reverse �owing 
urrents. As theba
kwards �owing 
urrents are only visible at the outer edges at 353Hz, one 
an 
on
lude thatthe 
oupling 
urrents 
lose to the inner edge are still higher than the ba
kwards �owing intrin-si
 shielding 
urrents. At 7T/16, the 
urrents have already 
hanged their sign, 
an
elling thepreviously �owing 
urrents and on
e more the 
urrent �ows only in one dire
tion in ea
h strip.During the se
ond quarter of the time period (T/4 to T/2), the shielding 
apability in theun
oupled and the 
oupled 
ase is strongly redu
ed due to the ba
kwards �owing intrinsi
shielding 
urrents.AC s
ans at 50mTAgain the intermediately long high resistive sample measured at 22Hz is used to illustratethe weakly 
oupled 
ase (�gure B.23). The long 
oupled sample at 175.75Hz represents thestrongly 
oupled 
ase (�gure B.24).Weak 
ouplingAt t = 0, ea
h strip has a �eld dome generated by trapped �ux 
urrents (�gure B.23). Sin
e themaximum applied �eld was about twi
e the penetration �eld, no minimum appears this timeat the 
entre of ea
h strip. Between t = 0 and t=T/16, the intrinsi
 shielding 
urrents slightlyin
rease, indi
ating that the maximum applied �eld was slightly below twi
e the penetration�eld (2Bp=52mT from the Γ-plots). The maximum shielding is rea
hed somewhere aroundT/16. For higher �elds, the �eld dependen
e of Ic and the n − value redu
e the 
urrents inea
h strip. Similar to the intermediate �eld 
ase (26mT), the gradient of the 
urrent de
reasesfrom the inner and outer edges of the super
ondu
ting strips up to T/4.After T/4, the 
urrents at the edges are reversed. Due to the low Ic, the gradient of the�eld is mu
h smaller than at 26mT. Therefore, the ba
kwards �owing 
urrents are not visible49
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Figure B.23: High �eld behaviour of the intermediately long high resistive sample at 22Hz.
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B Coupling losses in di�erent geometriesuntil 3T/8. At 3T/8, the ba
kwards �owing 
urrents are generating two small �eld domesinside ea
h super
ondu
tor. After 3T/8, Ic rea
hes higher values and the ba
kwards �owing
urrents start to dominate and shield the super
ondu
ting strips. At T/2, only two oppositely�owing 
urrents �ow in ea
h strip, leading to a maximum trapped �ux in the super
ondu
torat T/2.
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Figure B.24: High �eld behaviour of the long 
oupled sample at 175.75Hz.
Strong 
ouplingSimilar to the intermediate �eld 
ase (26mT), the 
urrents �owing at t = 0 would be able toshield the whole sample, if a positive �eld would be applied (�gure B.24). The 
oupling 
urrentis so strong that it reverses the oppositely �owing trapped �ux 
urrents (whi
h generate thein phase �eld inside the gap in the un
oupled 
ase). Thus, the resulting 
urrent �ows only inone dire
tion in ea
h strip. Until T/16 the 
urrent in
reases and shields the whole sample.After T/16 the magneti
 �eld dependen
e of Ic be
omes important. Hen
e, the maximum ofthe 
urrent de
reases and shifts towards the gap.51



B Coupling losses in di�erent geometriesAfter T/4 the ba
kwards �owing 
urrents be
ome visible at 5T/16. Compared with theweakly 
oupled 
ase at 3T/8, one 
an see that the 
oupling 
urrent has already 
hanged thedire
tion indi
ated by a phase ϕ < 45o. Furthermore, the 
oupling 
urrent is strong enoughto drive the 
urrents in one dire
tion most of the time. At T/2, the 
oupling 
urrent supportsthe trapped �ux 
urrent by generating a dome over the entire sample again.Similar to the intermediate �eld 
ase (26mT), the shielding is strongly redu
ed in the se
ondquarter of the time period. The e�e
t is stronger at higher �elds.Frequen
y dependen
eIn order to evaluate the frequen
y dependen
e of the losses, at least half of the time periodmust be evaluated. Nevertheless, an initial estimate 
an be made by looking at the �elddistribution at t = 0 (or t =T/2). The indu
ed voltage has a maximum and the trapped �ux
urrents, whi
h are largely independent of frequen
y, generate the same �eld at all frequen
ies.The frequen
y dependent 
oupling 
urrents on the other hand will 
ause a di�eren
e in thefrequen
y dependent �eld and 
urrent distributions. The higher the �ux inside the gap (andtherefore the 
oupling 
urrent), the higher the loss will be. This predi
tion will be
omeina

urate, when the 
oupling 
urrent does not behave sinusoidally, as at su�
iently high�elds.The frequen
y dependent �elds for the long 
oupled sample at T/2 are shown in �gure B.25for a low (a) and a high �eld (b).
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y dependen
e of the lo
al �eld of the long 
oupled sample at T/2.At 2mT, the highest �ux inside the gap o

urs at 89Hz, 
orresponding to the larger 
oupling
urrent at T/2 (
f. �gure B.11: 89Hz and �gure B.25(a)). The loss is also highest at thisfrequen
y (as will be 
on�rmed in the se
tion B.6).52



B Coupling losses in di�erent geometriesThe frequen
y dependen
e is di�erent at 50mT. The maximum �ux inside the gap is gener-ated between 89Hz and 175.75Hz or even higher. In the low �eld regime, the 
riti
al frequen
yis shifted to higher frequen
ies due to the additional resistivity of the super
ondu
tor (the
oupling 
urrents are already higher than Ic).In reality, the situation is mu
h more 
ompli
ated, due to the previously mentioned �elddependen
e of Ic and the n − value in (B.10) at higher �elds. Nevertheless, looking at the
oupling 
urrent at higher �elds, one also observes a frequen
y dependent phase shift and afrequen
y dependent loss. Handling this frequen
y dependen
e with a 
riti
al frequen
y (ortime 
onstant) is therefore pra
ti
al, but one must be aware that the simpli�ed pi
ture fromthe low �eld regime is no longer valid. Note that this point has already been dis
ussed withinthe high �eld model 
al
ulations.Within the �eld range of the AC Hall s
ans, we were unable to entirely enter the previouslydis
ussed high �eld regime. Nevertheless, the de
reasing frequen
y sensitivity shown in �gureB.25(b) and the approximately re
tangular 
urrent distribution at high �elds (see �gure B.24)indi
ate that su
h a regime exists.In se
tion B.6, the term �
riti
al frequen
y� is used to explain frequen
y dependent losseseven at higher �elds, knowing that this will not des
ribe all me
hanisms.B.5.2 Striated single Roebel strandMagnetos
an measurements performed on the striated tape (see se
tion C.9 on page 70) andTEM images [20℄ show a good separation between the �laments of the striated single Roebelstrand. Hen
e, no frequen
y dependent 
hanges of the lo
al �eld and 
urrents are expe
ted.Figure B.26 shows the results of the s
anning measurements at t=T/2. At �rst glan
e, the
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B Coupling losses in di�erent geometries
urrents of ea
h �lament showed that a negative net 
urrent �ows in the far left �lament anda positive net 
urrent �ows in the far right �lament. Thus, four point measurements with low
urrents (100mA) were performed between ea
h �lament in [37℄. The measured resistivitieswere the smallest between the outer �laments, higher between one outer and one inner �lamentand highest between di�erent inner �laments. The values did not 
hange signi�
antly withinthese three situations. Hen
e, 
oupling through the substrate, as illustrated in �gure B.27, issuggested.
Figure B.27: Ele
tri
 equivalent of the striated tape.The outer �laments were found to be 
onne
ted to the substrate with R1 = R5 ≈0.4mΩ andthe inner �laments with R2 = R3 = R4 ≈4mΩ.B.6 Results of the AC loss measurements by 
alibration freemethod (CFM)In this se
tion, the frequen
y dependent losses at the di�erent 
oupled Roebel loops aredis
ussed. Insulated and 
oupled samples of the same geometry are 
ompared in order toinvestigate the in�uen
e of the 
oupling. In order to 
ompare the loss for di�erent sizes, theloss per unit length and 
y
le Q as de�ned in (B.33) was evaluated. In the following, Q willbe denoted as the loss. The 
hara
teristi
 length l, as shown in �gure B.1, was used as thelength of the samples. Furthermore, the loss fa
tor Γ = Q/B2, gives a more intuitive pi
tureof the 
oupling me
hanisms.The hysteresis losses of the insulated samples are almost the same at all �elds and for allgeometries. Only the short sample has a slightly higher loss due to the higher in�uen
e ofthe transverse part if one divides it by the length l. A slight in
rease of the hysteresis losswith frequen
y for all un
oupled samples was observed. This e�e
t is des
ribed by [36℄ andis a result of the power law. At low �elds, the 
oupling losses are dominant 
ompared to thehysteresis losses. In general, the hysteresis losses are one order of magnitude lower than the
oupling losses in our samples at very low �elds (1-2mT). The di�erent loss me
hanisms are
learly seen in the Γ-plots where the loss is normalised by the squared �eld. As expe
ted [35℄,54



B Coupling losses in di�erent geometriesthe hysteresis losses in
rease with B4 below the penetration �eld Bp, whereas the 
ouplinglosses in
rease only proportional to B2 (see (B.34)). Therefore, the loss fa
tor Γ of the 
oupledsample remains 
onstant (Γ = Q/B2) until the hysteresis losses (indi
ated by the data of theinsulated samples) rea
hes a magnitude 
omparable to the 
oupling losses. Between 26mTand 28mT, the �eld fully penetrates all samples. Bp 
an be identi�ed by the peak in Γ-plotsof the un
oupled samples. For higher �elds, the hysteresis loss be
omes proportional to B asexpe
ted from [35℄. The 
oupling losses also be
ome nearly proportional to B as expe
tedfrom (B.44). The applied AC �eld was sinusoidal an B0 referes to the amplitude of the applied�eld in this se
tion.Ea
h sample will be dis
ussed in detail below.B.6.1 Short sampleFigure B.28 shows the frequen
y dependen
e at 2mT. The 
riti
al frequen
y (fc) at low �eldsis 334Hz (
f. (B.36)). Sin
e the 
riti
al frequen
y is higher than the maximum measuredfrequen
y, the loss in
reases with frequen
y. The solid line in �gure B.28 represents the loss
al
ulated from (B.34).
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Figure B.28: Frequen
y dependent loss of the short samples at B0=2mT. The solid blue linerepresents (B.34) after addition of the �tted hysteresis loss Qmean
hyst (dotted redline).Figure B.29 shows the loss and the loss fa
tor for all measured �elds and various frequen
ies.The initial slope of the 
oupled sample losses at low �elds (1-3mT) is similar at all fre-quen
ies, as the low hysteresis losses do not 
ontribute (see �gure B.29). Furthermore, theloss in
reases with frequen
y similar to the frequen
y dependen
e at 2mT (see �gure B.28).
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B Coupling losses in di�erent geometries
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tor ΓFigure B.29: Loss/length and loss-fa
tor CFM-measurement of the short samples. Solid sym-bols refer to the 
oupled sample and open symbols refer to the insulated sample.With in
reasing �eld, the hysteresis losses in
rease more than the 
oupling losses and in
reas-ingly in�uen
e the frequen
y dependen
e of the loss. The strands are fully penetrated byan applied �eld of ≈ 26mT. For higher �elds, the 
oupling 
urrent is still smaller than Icin the small sample. Therefore, the indu
tan
e remains a 
ru
ial value in (B.10), leading toa strong frequen
y dependen
e even at higher �elds. Nevertheless, the loss of the 
oupledsample be
omes proportional to B for �elds above Bp, as found in the high �eld model. Notethat the intrinsi
 shielding 
urrents already �ow with Ic for B0 > Bp.B.6.2 Intermediately long samplesIn the low �eld regime, the loss further in
reases monotonously with the frequen
y in themeasured range (�gure B.30). The 
riti
al frequen
ies of the samples are 
al
ulated to be212Hz and 502Hz for the low resistive and the high resistive sample, respe
tively. On
eagain, the solid and the dashed line represent the 
al
ulated loss. The high resistive samplewas also 
hara
terized by AC Hall-s
ans. Thus, the 
al
ulated losses from the s
ans a

ordingto (B.7) are indi
ated in �gure B.30 by red triangles as well. The higher resistive 
onne
tionslead to a higher 
riti
al frequen
y and therefore to a di�erent frequen
y dependen
e of theloss.Figure B.31 shows the loss in the low resistive sample in the entire �eld range. The strandsare again fully penetrated at about 26mT. At higher �elds, the frequen
y dependen
e be-
omes less pronoun
ed on
e the 
oupling 
urrents rea
h Ic and therefore the resistivity of thesuper
ondu
tor be
omes more important for the 
oupling losses. At the highest �elds, theloss in the 
oupled sample is ≈2.5 times higher than the loss in the un
oupled samples. This56



B Coupling losses in di�erent geometries
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y dependent loss at 2mT. The blue solid and the green dashed linerepresent (B.34) for the low resistive and the high resistive sample, with Qmean
hystadded. The full 
ir
les and triangles 
orrespond to the CFM measurementswhereas the red open triangles to the loss measurements with the AC Hall-s
an.is beyond the upper loss limit of 2.89 
al
ulated from (B.48). The loss of the high resistive
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tor ΓFigure B.31: Loss/length and loss-fa
tor CFM-measurement of the intermediately long lowresistive samples. Solid symbols refer to the 
oupled sample and open symbolsto the insulated sample.sample, shown in �gure B.32, never enters the high �eld regime, as the 
oupling 
urrent isrestri
ted by the higher 
onne
tion resistivity. For higher �elds, the frequen
y dependen
e istherefore the same as in low �elds, be
ause of the negligible in�uen
e of the power law onthe 
oupling 
urrents. The loss in the 
oupled sample at the highest frequen
y is ≈3 timeshigher than the hysteresis loss. On
e again, this value is slightly below the 
al
ulated upperloss limit of 3.17. 57



B Coupling losses in di�erent geometries
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tor ΓFigure B.32: Loss/length and loss-fa
tor CFM-measurement of the intermediately long highresistive samples. Solid symbols refer to the 
oupled sample and open symbolsto the insulated sample.B.6.3 Long sampleAt 2mT, the loss peak appears at the 
riti
al frequen
y (�gure B.33(a)). The loss �rstin
reases with frequen
y up to about 90Hz before the loss de
reases again. The 
al
ulated
riti
al frequen
y is 95Hz. On
e more, the loss evaluated from the AC Hall s
an is in 
loseagreement with results obtained from the 
alibration-free method.Contrary to low �elds, the loss in
reases with frequen
y and no maximum is observed atthe higher �eld of 50mT. The high �eld assumption (B ≫ Bp) is not ful�lled at this �eld.Nevertheless, the magnitude of the 
al
ulated loss (blue line) is in 
lose agreement with themeasurements, whereas the frequen
y dependen
e is not as pronoun
ed as in the measurement.The results from the AC Hall s
an underestimate the loss. Sin
e the eddy 
urrents of the
opper bridges are not 
onsidered in the AC Hall s
an evaluation, this 
ould explain theslightly smaller losses. Furthermore, the 
al
ulated loss assuming a 
onstant Jc a

ording to(B.45) is illustrated.Figure B.34 shows the frequen
y and �eld dependent losses obtained from the CFM. Due tothe large area, the indu
ed voltage is the highest in this sample. Therefore, the long sampleshows the best indi
ation of rea
hing the high �eld regime. For �elds slightly above Bp,the �resistivity� of the super
ondu
tor be
omes dominant. At about 20mT, the frequen
ydependen
e 
hanges (see B.34(b)). Be
ause of the shift of the 
riti
al frequen
y to highervalues, the loss in
reases monotonously with in
reasing frequen
y at higher �elds, as previouslyshown in �gure B.33(b). The loss of the 
oupled sample at the highest measured �elds is about3.4 times higher than the hysteresis losses. This value is slightly above the 
al
ulated upperlimit of 3.29. The slight ex
ess of the real loss 
ompared to the 
al
ulated upper limit 
ould
58
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y dependant loss of the long 
oupled sample. The solid lines refer to the
al
ulations from the (a) low �eld model and the (b) high �eld model, whereasthe 
yan solid line represents the 
oupling loss 
al
ulation with a 
onstant Jc a
-
ording to (B.45). The blue line with re
tangular points represents the numeri
al
al
ulation a

ording to (B.44). Jc in (B.45) was taken from J0 in (B.49).
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B Coupling losses in di�erent geometriesbe 
aused by the slightly larger width of the strand of the 
oupled sample (2.1mm) 
omparedto the insulated sample (2.05mm).The hysteresis loops for a maximum applied �eld of µ0H0=2mT and µ0H0=50mT areshown in �gure B.35. The maximum magneti
 moment per unit length in
reases with fre-
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H0=50mT)Figure B.35: Hysteresis loop of the long 
oupled sample obtained from AC Hall s
ans.quen
y for µ0H0=2mT. Nevertheless, the area of the hysteresis loop, and therefore the loss,is the highest at 89Hz, due to the phase shift of 45o of the 
oupling 
urrent. Sin
e the applied�eld is smaller than the penetration �eld, the magneti
 moment does not saturate.For µ0H0=50mT, the magneti
 moment and the loss in
rease with frequen
y. A saturationof the magneti
 moment is expe
ted at the penetration �eld (≈20mT), if the 
riti
al 
urrentwere independent of the applied �eld. In fa
t, the magneti
 moment per unit length de
reasessigni�
antly due to the �eld dependen
e of Ic above the penetration �eld. Note that the 
ou-pling 
urrent 
ausing the magneti
 moment per unit length is higher than the 
riti
al 
urrent

Ic(B).Figure B.36 shows the time dependen
e of the loss evaluated from the AC Hall s
ans. Contraryto the 
al
ulated 
oupling losses for low �elds in �gure B.11, the AC Hall s
an measurementsrepresent the entire losses (
oupling and hysteresis losses). Nevertheless, as the hystere-sis losses are at least by one order of magnitude smaller at frequen
ies between 20Hz and550Hz (see �gure B.33(a)), the measurements for µ0H0=2mT represent espe
ially the 
ou-pling losses. One also �nds 
lose agreement between the time dependent measurements andthe 
al
ulations (see �gure B.11). The magnitude is only higher at 4.5Hz. On the other hand,60
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Figure B.36: Time dependent power of the long 
oupled sample obtained from AC Hall s
ans.
µ0H0=2mT (top) and µ0H0=50mT (bottom).the integral over the time period and therefore the loss Q is in very 
lose agreement withthe 
al
ulation, as shown in �gure B.33(a). With in
reasing frequen
y, the rea
tive loss alsoin
reases, as indi
ated by the negative values. At 535Hz, the rea
tive loss dominates.At high �elds the power law of the super
ondu
tor already plays a dominant role in themeasured frequen
y range up to 176Hz. The time dependent loss is in most 
ases of an�ohmi
� nature. The 
oupling losses are about three times higher than the hysteresis lossesof the insulated strands (see �gure B.33(b)) at these frequen
ies.B.7 Prospe
ts for 
oupled Roebel 
ables and 
on
lusionThe problems dis
ussed in this 
hapter will not o

ur �one to one� in an assembled Roebel 
a-ble. Nevertheless, they help to explain 
able 
oupling me
hanisms. The following se
tion willdes
ribe the 
oupling losses in an assembled 
able based on our knowledge from the previousse
tions. Coupling is only 
onsidered between neighbouring strands. Figure B.37 shows thestepwise assembly of a �ve strand Roebel 
able. In a two strand Roebel 
able (�gure B.37(a)),the 
oupling losses of a twist pit
h are identi�ed by two Roebel loops. Due to the twistedstru
ture of the Roebel 
able, the 
oupling 
urrents in one strand �ow oppositely in neigh-bouring loops. In strand 1 (red 
urrent), the 
urrent �ows to the left in the left loop and to theright in the right loop. Hen
e, no net 
oupling 
urrents �ow over the entire length of the 
able.Using a third strand (�gure B.37(b)) does not 
hange mu
h. Strand 2 (green) and strand3 (blue) are able to form 
oupled loops as well as strand 1 (red) and strand 2 (green). Sin
estrand 2 is in between the two other strands, it does not form additional loops even with moreassembled strands. Yet again, neighbouring 
urrents �ow oppositely and therefore the net61



B Coupling losses in di�erent geometries(a) Roebel 
able out of two single strands(b) Roebel 
able out of three single strands(
) Roebel 
able out of �ve single strands
(d) Roebel 
able out of �ve single strandsFigure B.37: Coupling 
urrents in a �ve strand Roebel 
able. Dashed lines indi
ates 
urrents�owing not on the top strand. The 
olour 
ode of the 
urrents denotes the strandin whi
h the 
urrent is �owing. (red) strand 1, (green) strand 2, (blue) strand3, (brown) strand 4, (violet) strand 5
urrent from left to the right is zero. In low �elds, the strands without lo
al 
oupling 
urrents(i.e. strand 3 above strand 2 (green dashed line) in the outer most left 
oloured loop in �gureB.37(b)) will shield the strip with intrinsi
 shielding 
urrents and therefore a slight in�uen
eof su
h se
tions is expe
ted. Nevertheless, the in�uen
e of the small intrinsi
 
urrents shouldbe small when 
ompared with the 
oupling 
urrents at low �elds. Hen
e, the loss is aboutfour times the loss of the single loops in one twist pit
h.At high �elds, where full penetration of the �eld is expe
ted, the 
losed loops dominate andtherefore the loss per twist pit
h should be dedu
ed again from the four single 
oupled loops.The situation 
hanges drasti
ally if a fourth and a �fth strand are assembled. Here, thetransverse parts are below the gap en
losed by the 
oupling 
urrents. Figure B.37(d) showsthe most dense situation. For low �elds, the transverse parts will partially shield the �eldinside the gap and therefore will intera
t with the �ux fo
using e�e
t. If the �eld is low
ompared to the penetration �eld, the �ux might be expelled from the gap, if the transversepart 
overs the whole area. Hen
e, no 
oupling 
urrents 
an be indu
ed and therefore no
oupling losses will o

ur.The situation is di�erent if the transverse part does not entirely �ll the spa
e of the 
losedloop (see �gure C.1 on page 65). Here, the �ux shielded by the transverse part shifts inside aRoebel loop and the situation is similar to the two-strand Roebel loop. Therefore, a frequen
ydependent loss o

urs. Furthermore, due to the 
ombination of di�erent loops whi
h shieldthe same area, the interplay between the single Roebel loops has to be 
onsidered.
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B Coupling losses in di�erent geometriesIn the high �eld regime, the intrinsi
 shielding would have no e�e
t. As two 
urrent loopsshield the same area, they have to intera
t somehow. In the �ve strand Roebel 
able, thereare always top loops and bottom loops, as indi
ated by the dashed and the solid lines in �gureB.37(d).Note also that the penetration �eld depends mainly on Ic. Therefore, the low �eld 
asewould allow mu
h higher �elds at lower temperatures. At 4.2K the 
riti
al 
urrent densityof a 
oated 
ondu
tor is about 2·1011 Am−2. Hen
e, the penetration �eld of the Roebel loopswould be about 200mT.However, the situation in a fully assembled Roebel 
able is somehow related to the singleRoebel loops, due to the 
omplete transposition of the strands and the oppositely �owing
oupling 
urrents in a single strand.In the low �eld regime, the width of the tapes play a 
ru
ial role, sin
e the e�e
tive area in
Alf in (B.27) depends on them and Alf is squared in (B.34).The situation is similar at high �elds. Again the width of the tape appears squared in theloss 
al
ulations in (B.44) (Ahf w).The use of small �laments and the redu
tion of the gap width and length should de
reasethe 
oupling losses in the Roebel 
able. These 
onditions are in good agreement with themethods used in the CICC 
ables to redu
e the AC losses. However, in thin �lm loops thelo
al �eld at the inner edge will be signi�
antly enhan
ed due to the �ux fo
using e�e
t in anarrow gap. Therefore, the �eld penetrates from the inner edges and a kind of e�e
tive gapwidth will o

ur. This gap width depends mainly on the applied �eld and Ic of the strands.In other words, the redu
tion of the geometri
al gap width, is limited by this e�e
tive gapwidth.
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C Homogeneity, 
urrent- and�eld-distribution in single Roebel strandsThe main aim of this 
hapter is to take a 
loser look at the homogeneity of di�erent Roebelstrands (see also [42℄). Assembly and preparation te
hniques as well as defe
ts in the under-lying 
oated 
ondu
tor material in�uen
e the quality of the Roebel strands.Two di�erent te
hniques were used to 
hara
terise the homogeneity of the samples: the
onta
t free magnetos
an te
hnique [43℄ and a method to measure the lo
al self-�eld of thetape under 
urrent �ow. With an inversion algorithm [44℄, the lo
al 
urrent �ow was visualised.From the latter method, the �eld and 
urrent penetration in single Roebel strands 
ould beevaluated and will be dis
ussed in se
tions C.3.2 and C.3.3.C.1 SamplesTwo di�erent Roebel strands (w=2mm and w=5.5mm) were used. Two 5.5mm wide sampleswere provided by the Karlsruhe Institute of Te
hnology (KIT). One of these tapes was striatedand already dis
ussed in the previous 
hapter. A detailed des
ription of the striated tape 
anbe found in se
tion B.1.2 and in [20℄. Both KIT strands were pun
hed from SuperPower2G-HTS-SP12050 YBCO 
oated 
ondu
tors. This tape does not have a 
opper stabiliseron the silver layer. Due to the absen
e of a stabilisation layer, the IV-
urve of the samplewas only measured up to a 0.4µV/
m 
riterion. Extrapolating the data by the power law
E = Ec (I/Ic)

n with Ec =1µV/
m results in a 
riti
al 
urrent of 134.1A. The n− value was31 and the distan
e between the voltage 
onta
ts was 110mm. The width of the tape variesfrom 5.35mm to 5.5mm between the voltage 
onta
ts.The 2mm wide sample, provided by Industrial Resear
h Limited (IRL), is a single strandtaken out of a 5/2 (5 strands, 2mm width) Roebel 
able. It was made of a SuperPower 2G-HTS-SCS12050 YBCO 
oated 
ondu
tor. This tape is 
oated with a 20µm 
opper stabiliseron both sides. The 
able manufa
turing pro
ess is des
ribed elsewhere [19℄. The end-to-end 
riti
al 
urrent of the single strand evaluated at a 1µV/
m 
riterion is 35.9A and the
n − value is 22. The width of the tape varies between 1.68mm and 1.93mm. The distan
ebetween the outer voltage 
onta
ts was 72mm. The distan
es of the voltage 
onta
ts on the
rossover part, the left straight and the right straight part were 4.2mm, 4.0mm and 4.6mm,respe
tively. 64



C Homogeneity of Roebel single strandsFigure C.1 shows an assembled 
able made from the 2mm sample.Figure C.1: IRL 5/2 Roebel 
able
C.2 Experimental details and evaluationC.2.1 Magnetos
an measurementsWith the magnetos
an te
hnique developed at the Atominstitut [43℄, a very fast and a

urate
hara
terisation of long-length 
oated 
ondu
tors is possible. Figure C.2 shows a s
hemati
view of the set-up. The whole part is immersed in liquid nitrogen and has therefore a temper-

Figure C.2: Sket
h of the magnetos
an set-up taken from [45℄ature of 77K. A 
ylindri
al magnet with a height and diameter of 5mm is mounted 7.5mmabove a 
oated 
ondu
tor 
orresponding to an applied �eld of about 50mT at the samplesurfa
e (yellow 
ylinder in �gure C.2). A Hall probe is assembled in a stainless steel s
a�oldbelow the magnet ≈0.2mm above the sample. The Hall probe measures the lo
al magneti
�eld in z-dire
tion 
aused by the indu
ed super-
urrents and the applied �eld. As shown in[45℄, the dete
ted lo
al �eld Bz(x, y) is 
losely related to the lo
al 
riti
al 
urrent density
Jxy(x, y) and therefore provides eviden
e for the lo
al quality of the 
oated 
ondu
tor. S
an-ning the whole sample in x- and y-dire
tions at a �xed z-position gives a des
riptive pi
tureof the homogeneity of the tape. The spatial resolution of the Hall map is typi
ally 0.2mmin x- and y-dire
tions. Figure C.3 shows the whole set-up with further details. The Hallprobe is fed by a standard 
urrent sour
e with 10mA and the Hall voltage is measured witha Keithley 2700 multimeter. The multimeter and the xyz-table are 
ontrolled by a PC usinga home-written software.
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C Homogeneity of Roebel single strands

Figure C.3: S
anning set-up. (A) Rod with the Hall probe at lower end, (B) xyz-table, (C)large dewar with an AC 
oil inside, (D) small dewar for magnetos
an and Halls
an measurements under 
urrent �ow, (E) measuring equipment and PC.C.2.2 Hall-s
an measurements under 
urrent �owFigure C.4 shows the self-�eld s
an set-up and the 
oordinate system used.

Figure C.4: Set-up for measuring the self-�eld of a 
oated 
ondu
tor and 
oordinate system.The single strand was �xed on the left and right side with the 
urrent 
onne
torsas well as with Kapton tape. The left 
urrent 
onne
tor 
an move in x-dire
tionto provide stress free 
ooling. After 
ool down, the 
onne
tor was �xed by twos
rews.The Hall-s
an set-up is similar to the magnetos
an set-up without a permanent magnet.The Hall-sensor again dete
ts the �eld 
omponent perpendi
ular to the sample surfa
e (Bz).In order to measure the self-�eld of 
oated 
ondu
tors under 
urrent �ow, the 
ondu
tor is
onne
ted to 
ables of a 300A 
urrent sour
e via pressed indium 
onta
ts. Voltage 
onta
ts66



C Homogeneity of Roebel single strandswere made with silver paste. The PC shuts down the 
urrent sour
e, when the dete
tedvoltage on the sample ex
eeds a 
riti
al value. Criti
al transport 
urrents were also measuredwith these voltage 
onta
ts. The sample was always immersed in liquid nitrogen duringthe measurements. Therefore, the temperature was stable at around 77 K. The 5mm widesample was �xed with Kapton tape and the Hall-probe holder was moved in the x-y plane in
onta
t with the Kapton tape. Hen
e, the distan
e between Hall-sensor and super
ondu
torwas 
onstant at about 150µm. The 2mm sample was s
anned with the Hall-probe holder atabout 50 to 80µm above the 
ondu
tor.The 
al
ulations of the lo
al 
urrent density distribution in two dimensions (Jx,Jy) fromthe Hall-map were done by a 
omputer algorithm for the inversion of the Biot-Savart law[44℄. This algorithm was programmed for samples in the remanent state with no 
urrents�owing outside the s
an area and does not allow 
urrent sinks or sour
es at the boundaries.The 
urrents �owing into and out of the s
an area lead to artefa
ts, i.e. 
urrents �owing nearthe boundaries of the map (not shown in �gure C.12), 
losing the postulated 
urrent loops.However, these arti�
ial 
urrents rapidly de
ay towards the 
entre of the matrix. Nevertheless,this problem will have to be solved in the future.C.3 Results and dis
ussionUnlike a few years ago, state-of-the-art long-length 
oated 
ondu
tors show very smooth mag-netos
an images in a

ordan
e with homogeneous 
ondu
tors. Therefore, the homogeneity ofpristine 
oated 
ondu
tors will not be dis
ussed in this 
hapter. Nevertheless, a magnetos
animage of a 4mm SuperPower SCS4050 tape similar to the 12mm SuperPower SCS12050 tapeused for the Roebel strand samples in this 
hapter is shown in Figure D.31(a) on page 116.Due to pun
hing pro
esses or me
hani
al treatment during the fabri
ation of Roebel strands,the super
ondu
ting layer 
an be lo
ally destroyed. Lo
al inhomogeneities were dete
ted byshort-length four-point measurements, magnetos
ans and Hall s
ans under 
urrent �ow. Asthe last method gives additional information about the physi
s in the Roebel strand, it isdis
ussed in more detail in C.3.2 and C.3.3.C.3.1 HomogeneityIRL - 2mm strandA Roebel single strand from the 5/2 (5 strands, 2mm width) Roebel 
able was used for the
hara
terisation. The width of the 
ondu
tor varied from 1.77mm to 2.17mm, as shownin �gure C.5. Note that the regions labeled A-E in �gure C.5 also mark the regions wheretransport measurements were performed.From the di�erent geometri
al 
ross-se
tions (di�erent widths), one expe
ts that the 
riti
al
67



C Homogeneity of Roebel single strands
Figure C.5: Variation of the width of the single strand
urrent in the left parallel se
tion should be signi�
antly lower than that of the right parallelse
tion of the single strand. This was 
on�rmed by the magnetos
an and the transportmeasurements. The magnetos
an images (�gure C.6 and C.7(a)a) indi
ate the lower Ic bythe lower �eld signal on the left side.

Figure C.6: Magnetos
an of the entire sampleThe results of the 
riti
al 
urrents obtained by transport measurements in the regions B andC show a degradation of Ic by 15%, whereas the 
riti
al 
urrent density remains un
hanged(see also �gure C.8). On the left and the right side of the geometri
al redu
tion, the tape lookshomogeneous, as shown in �gure C.7(a). No larger defe
ts were lo
ated in this region. The
urrent 
al
ulations from the Hall-s
an (�gure C.15(b)) show the bottlene
k in the parallelse
tion in more detail. The 
urrent density is signi�
antly larger on the left side, due to theredu
tion of the geometri
al 
ross se
tion.Comparisons between the magnetos
an pro�les of the left transverse and the parallel se
tion(�gure C.7(b)) indi
ate a defe
t in the left 
orner. The lo
al 
urrent 
al
ulations from theself-�eld 
on�rm the magnetos
an measurements (�gure C.15(a)). Furthermore, they showthat the defe
t is lo
ated at the upper edge of the left 
orner. The 
urrent has to bypassthe defe
t on the lower side and therefore the 
urrent density in
reases 
lose to the outer left
orner of the tape. This defe
t is also the limit for the overall 
riti
al 
urrent.68



C Homogeneity of Roebel single strands

(a) parallel se
tion (b) left transverse se
tionFigure C.7: Magnetos
an of the IRL 2mm tapeMagnetos
an and lo
al 
urrent 
al
ulations indi
ate that the 
riti
al 
urrent or the 
urrentdensity do not depend on the dire
tion. Four-point measurements in region A and B 
on�rmthese results.The overall 
riti
al 
urrent was found to be 35.9A. This is equivalent to 82% of the maxi-mum 
riti
al 
urrent in region C (43.7A).Geometri
al e�e
ts based on the manufa
turing pro
ess are the major reason for the 
hangeof the 
riti
al 
urrent along the length of the sample. The di�eren
e in the 
ross-se
tion leadsto a degradation of the 
riti
al 
urrent by 15%, while the defe
t at the inner-left 
ornerin�uen
es Ic only by additional 3%. The degradation over the entire sample is therefore 18%.A variation between the 
urrent density in the parallel and the transverse se
tion was notobserved. Striation of this parti
ular strand would lead to a further de
rease of Ic. The
urrents would not be able to bypass the defe
ts within the super
ondu
tor, espe
ially in thetransverse se
tion. Striation requires an overall improvement of the homogeneity. In thisparti
ular strand, the defe
ts are more pronoun
ed in the transverse se
tion.KIT - striated 5.5mm strandMagnetos
an images of the striated Roebel strand show a 
lear separation of the super
on-du
ting layers between ea
h �lament. Nevertheless, an defe
t in the pristine tape seems to beresponsible for a redu
tion of the lo
al Jc at x =40mm and y =3mm in �gure C.9. Currentsare unable to �ow around this defe
t, due to the striation. Hen
e, this lo
al inhomogeneity isa weak spot in the strand.
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C Homogeneity of Roebel single strands
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Figure C.8: Transport measurements on a single strand. Regions A-E refer to the positionsshown in �gure C.5

Figure C.9: Striated Roebel strand from KIT
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C Homogeneity of Roebel single strandsC.3.2 Field distributionThe 5mm wide sample was s
anned under 
urrents of 30A, 60A, 90A and 120A (0.22, 0.45,0.67 and 0.89 times Ic) as well as in the remanent state after shutting down the 
urrent sour
e.Figures C.10(a)-C.10(
) show the �eld maps at 30A, 120A and in the remanent state. The
(a) 30A
(b) 120A

(
) 0A (remanent)Figure C.10: Field penetration for di�erent 
urrents. The verti
al lines mark the position ofthe �eld pro�le at x=8.6mm shown in �gure C.11�eld pro�les of the straight part are plotted for all measured 
urrents in Figure C.11.The �eld penetrates with in
reasing 
urrent from the edges to the middle of the sample.Note that the �eld in y - dire
tion |By| is not dete
ted in our measurements. With de
reasing
urrent, the �eld 
hanges at the edges, whereas the pinned �eld in the 
entre remains 
onstant.This behaviour is well des
ribed by the 
riti
al state theory for thin �lms [35℄[46℄. The same71



C Homogeneity of Roebel single strands
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al lines mark the edges of thesample.e�e
ts take pla
e in the 
rossover se
tion, but also an enhan
ement of the �eld at the inner
orners and a 
orresponding redu
tion at the outer 
orners. This geometri
al e�e
t was
on�rmed by simulating a homogeneous 
urrent distribution �owing along the Roebel strand.C.3.3 Current distribution 
al
ulated from the �eld distributionFigures C.12(a)-C.12(
) show the 
al
ulated 
urrent distributions for di�erent applied 
ur-rents. The 
urrent starts to penetrate from the edges and surfa
es. In the following, 
urrentspenetrating from the edge are denoted as edge 
urrents, and 
urrents penetrating from thetop and bottom surfa
es are denoted as surfa
e-
urrents. In in�nitely thin �lms, the self-�eldprodu
es a dis
ontinuity of By between by top and bottom surfa
e. Therefore, a (sub-
riti
al)
urrent is also �owing in the middle of the sample 
lose to the surfa
es from the beginning[35℄[46℄. At 30A (Figure C.12(a)) the main part of the 
urrent is �owing along the edges ofthe sample. The edge-
urrents �ow parallel to the edges in the straight part. In the 
rossoverse
tion the surfa
e-
urrents 
hange their dire
tion later than the edge 
urrents leading to anon parallel 
on�guration between edge- and surfa
e-
urrents as indi
ated by the arrows inFigure C.12(a). Close to Ic (Figure C.12(b)) the 
urrent is nearly homogeneously distributedover the 
ross-se
tion and therefore �ows parallel to the edges. The a
tual width of the tapeis 5.5mm on the left straight se
tion, 5.4mm on the 
rossover se
tion and 5.35mm on theright straight se
tion. The 
urrent density in the 
rossover and the straight right se
tion isnearly the same. On the left straight part, the 
urrent density is slightly lower than on theright straight part due to the larger geometri
al 
ross se
tion. Between the inner and outer
orners at the ends of the 
rossover se
tion, a minimum of the 
urrent density o

urs, whi
his 
aused by the larger 
ross-se
tion along the line 
onne
ting the inner and outer 
orner.With de
reasing 
urrent, the 
hange of the self-�eld starts at the edges and at the surfa
esof the sample (see also �gure C.11 - remanent �eld 
urve). The derivative of the �eld 
hangessign and internal 
urrents �ow ba
kwards at the edges and 
lose to the surfa
e, de
reasing72



C Homogeneity of Roebel single strands

(a) 30A
(b) 120A

(
) 0A (remanent)Figure C.12: Current penetration into the two dimensional stru
ture at di�erent applied trans-port 
urrents. The plots show the absolute lo
al 
urrent density. The whitearrows in panel (a) are parallel to the dire
tion of the 
urrent 
lose to the edges,whereas the bla
k arrows show the 
urrent dire
tion of the 
urrents in the middleof the tape. Note that the size of the arrows does not have any physi
al meaning.
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C Homogeneity of Roebel single strands
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tion of the two dimensional 
urrent distribution at x=8.6mm. Thesolid verti
al lines mark the edges of the sample.the net 
urrent through the sample. In the following we de�ne the remaining forward �owing
urrent in the 
ore as 
ore-
urrent. The ba
kwards �owing surfa
e-
urrents 
hange theirdire
tion in the 
rossover se
tion again later than the 
urrents in the 
ore. Our algorithmevaluates the 
urrent �ow in a two dimensional stru
ture and does not distinguish between
urrents �owing 
lose to the surfa
e and those in the 
ore. Therefore, the ba
kwards surfa
e-
urrents 
annot be seen dire
tly in the plots, but they have two e�e
ts on our 
al
ulations forthe remanent state. Firstly, the ba
kwards �owing surfa
e-
urrents de
rease J over the whole
ross-se
tion. In the remanent 
ase, the 
urrent is made up by the 
ore-
urrent 
ompensatedby the ba
kwards �owing surfa
e-
urrent. Figure C.13 shows the distribution of the 
urrent
omponent in forward-dire
tion (−Jx) in the straight part. Se
ondly, a forward-
urrent, whi
his not parallel to the edges anymore and originates from the di�eren
e in the dire
tions of thesurfa
e- and 
ore-
urrents mentioned before. Figure C.14 shows the remanent 
urrent at theright end of the 
rossover se
tion. The non-parallel 
on�guration 
an be seen very 
learly.In order to support our s
enario, we subtra
ted the matrix of the 
urrent distribution at60A two times from the 
urrent distribution at 120A, whi
h formally leads to the remanentstate. The resulting 
urrent distribution is indistinguishable from that 
al
ulated by theBiot-Savart inversion.The 
urrent distribution of the whole 
ondu
tor in the remanent state is shown in FigureC.12(
).C.3.4 Lo
al defe
tsSelf-�eld measurements and the Biot-Savart inversion are suitable for showing defe
ts in 
oated
ondu
tors. Small defe
ts in the 5mm wide sample o

ur between x =10 and 15mm, leadingto a smaller 
urrent density (see �gure C.12(b)). For demonstration purposes, we investigateda faulty 2mm Roebel strand. The measurements were performed at 33A (equivalent to 0.92

Ic). The 
urrent distribution around a defe
t lo
ated in the inner-left 
orner is illustrated74
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Figure C.14: Current �ow at 0A (remanent) in the 
rossover se
tion. The initial 
urrent was�owing from right to left. Due to the di�erent angles of the surfa
e-
urrent andthe 
ore-
urrent the forward-
urrent does not seem to �ow parallel to the edgesanymore.
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C Homogeneity of Roebel single strandsin �gure C.15(a). No damage in this region was visible by opti
al inspe
tion of the strandsurfa
e. This defe
t was either present in the unpun
hed 
oated 
ondu
tor, or 
aused by thestrand manufa
ture. FEM 
al
ulations show that the peak Von-Mises strain o

urs in theregion of the inner radius [47℄ if axial strain is applied to the strand. Sin
e the defe
t is in thisregion, it is likely that the defe
t was 
aused by overstraining the strand. The 
urrent has tobypass the defe
t on the lower side and, therefore, the 
urrent density in
reases 
lose to theopposite 
orner of the tape. Figure C.15(b) shows the 
urrent-�ow near the redu
tion of the

(a) A defe
t at the inner left 
orner leads to anenhan
ement of the 
urrent density 
lose to theopposite edge. (b) Due to a redu
tion of the 
ross-se
tion the 
ur-rent density is in
reased in the left se
tion.Figure C.15: Current �ow 
lose to lo
al defe
ts.tape width due to a misalignment of the pun
hing ma
hine. The 
urrent density on the leftpart is signi�
antly higher due to the redu
tion of the geometri
al 
ross-se
tion.Comparing C.15 and C.7 shows good agreement between the 
onta
t free magnetos
ante
hnique and the Hall s
ans under 
urrent �ow.We determined a redu
tion of the overall Ic by 18% due to these defe
ts with 
onventionalfour-point measurements.C.4 Con
lusionTwo major bottlene
ks were identi�ed in the 2mm single Roebel strand from both magne-tos
an and Hall-s
an measurements. One was 
aused by a pun
hing misalignment resulting indi�erent strand widths in the straight part. The other was likely to be 
aused by the appliedtensile stress during the produ
tion pro
ess (defe
t at the inner left 
orner).The single �laments of the 5mm striated strand were well separated, but one lo
al inhomo-geneity was found. It is suspe
ted that this defe
t was already present in the 
oated 
ondu
torbefore laser s
ribing. 76



C Homogeneity of Roebel single strandsSelf-�eld measurements under 
urrent �ow were performed su

essfully on single Roebelstrands. Field and 
urrent distributions in the straight part agree with the 
riti
al statetheory of thin �lms. A slightly di�erent behaviour for 
urrents penetrating from the edgesand 
urrents penetrating from the top and bottom surfa
es was found in the transverse se
tionof the strand. This results in a non-parallel 
urrent �ow in the 
rossover part of a single Roebelstrand. The lo
al properties of the 
ondu
tor 
an be dete
ted with high-resolution Hall-s
anmeasurements under 
urrent �ow. Therefore, this te
hnique is very promising for �ndingproblems in the produ
tion pro
ess of Roebel assembled 
oated 
ondu
tors.

77



D In�uen
e of neutron irradiation on
oated 
ondu
torsAs dis
ussed in Chapter A, fast neutrons will rea
h the super
ondu
ting 
oils of fusion devi
es.The in�uen
e of neutron irradiation on various properties of a 
oated 
ondu
tor are the maintopi
 in this 
hapter.Chara
terisation of fast neutron irradiated 
oated 
ondu
tors has a long history at theAtominstitut in Vienna. The results in se
tion D.3 
ontinue previous studies by René Fuger[3℄ and Mi
hal Chudy [4℄. Se
tion D.4 presents the world's �rst tensile stress measurementson irradiated 
oated 
ondu
tors. The set-up for these measurement was developed in thiswork. Therefore, the set-up is des
ribed in more detail in D.2.4.D.1 SamplesIn 2009, the largest manufa
turers of 
ommer
ially available 
oated 
ondu
tor were:SuperPower In
., a subsidiary of Furukawa Ele
tri
 Co., Ltd. (Japan) lo
ated inS
hene
tady, NY, USA [48℄. Note that SuperPower was a subsidiary of Philips HoldingUSA until February 2012.Ameri
an Super
ondu
tor (AMSC) lo
ated in Devens, MA, USA. [49℄Bruker EST (formerly European High Temperature Super
ondu
tors GmbHEHTS), lo
ated in Alzenau, Germany. [50℄State-of-the-art 
oated 
ondu
tors 
hara
terised in this work were manufa
tured either bySuperPower or AMSC. Unfortunately, Bruker EST did not provide us with their newestsamples in 2009. Nevertheless, irradiation studies of older Bruker (EHTS) tapes are avail-able and were presented in [3℄ and [4℄. Other 
ompanies, su
h as Theva (Germany), Fu-jikura Ltd. (Japan) [51℄ and SuNAM(Korea) have demonstrated their ability to produ
e high-performan
e 
oated 
ondu
tors as well. Laboratories su
h as LANL (U.S.), KERI (Korea) andISTEC (Japan) manufa
ture high-performan
e 
oated 
ondu
tors for R&D, but do not sellthem 
ommer
ially.The highest 
riti
al 
urrent per 
ondu
tor width of the samples from 2009 used in thiswork, was rea
hed in the GdBCO-SuperPower tape. It was about 360A/
m at 77K in self-78



D Neutron irradiation�eld with a super
ondu
ting layer of 1µm thi
kness. In 2011, the KERI-laboratory in Koreapresented a short length SmBCO tape with 1530A/
m and a super
ondu
ting layer of 5µmat the EUCAS 
onferen
e 2011. SuperPower presented a Zr:GdYBCO tape with 961A/
m[11℄. The super
ondu
ting layer is 2.8µm in this sample.The two most prominent manufa
turers of Roebel 
ables are:
• Karlsruhe Institute of Te
hnology (KIT) in Germany (formerly Fors
hungszentrum Karl-sruhe)
• Industrial Resear
h Limited (IRL) lo
ated in Wellington, New ZealandThe Karlsruhe group originally introdu
ed the Roebel te
hnique to HTS 
oated 
ondu
tor[17℄ and use automated pun
hing and laser s
ribing methods for 
utting and striating singleRoebel strands. The assembly of the �nal Roebel 
able is done by hand. In 2010, IRLshowed the feasible produ
tion of long-length Roebel 
ables with an automated pun
hing andassembly manufa
turing pro
ess [19℄.D.1.1 SuperPower SCS4050The SuperPower produ
t 
ode SCS4050 means:
• Super
ondu
tor with Copper Stabilisation
• 4mm width
• 50µm thi
k Hastelloy R© substrateThe Hastelloy substrate forms the basis of the whole tape. In order to a
hieve a smooth and
lean surfa
e, the substrate is prepared by ele
tro-polishing. An IBAD (Ion Beamed AssistedDeposition)-MgO template generates the bi-axial texture for the super
ondu
tor material.The GdBCO layer is deposited by MOCVD (Metal Organi
 Chemi
al Vapour Deposition).Lastly, the super
ondu
tor is ele
tri
ally stabilised by a sputtered silver layer and surroundedby ele
tro-plated 
opper. Figure D.1 shows the ar
hite
ture and dimensions of the tape.In our sample of the SCS4050, the use of the rare earth element gadolinium (Gd) resultsin a super
ondu
ting layer made of GdBa2Cu3O7−δ. SuperPower often over-dope their RE-
ontent (Gd-
ontent) in order to form RE2O3 nano pre
ipitates. These pre
ipitates alignmore or less parallel to the a,b-plane [14℄ and form pinning 
entres. Furthermore, the higherRE-
ontent suppresses the formation of undesired CuO and BaCu3O4 phases. In anisotropymeasurements, this results in an unsymmetri
al behaviour with respe
t to the 
-peak.Seven stable isotopes of Gd exist. The neutron absorption 
ross-se
tions of the �ve isotopeswith the highest natural abundan
e are shown in Figure D.2.At thermal energies, the neutron absorption 
ross-se
tions of 155Gd and 157Gd are approx-imately �ve orders of magnitude higher than that of yttrium (bla
k line). In the epi-thermal79



D Neutron irradiation

Figure D.1: Ar
hite
ture of the SuperPower SCS4050 tape. The pi
ture is taken from [48℄-
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Figure D.2: Neutron absorption 
ross se
tion σ(n,γ) of various stable gadolinium isotopes andyttrium. The abundan
e is written in bra
kets next to the isotope. The data istaken from [52℄.
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D Neutron irradiationregion (E < 0.1MeV), resonan
es o

ur over a wide energy range, in
luding lower energiesthan for yttrium. Furthermore, resonan
es have at least one order of magnitude higher am-plitudes in gadolinium at ≈ 10 keV. From the neutron absorption 
ross-se
tions, it is 
learthat high �uen
es 
ould in�uen
e a GdBCO 
ondu
tor in a di�erent manner than an YBCO
ondu
tor. Results presented in the following will 
on�rm this expe
tation.D.1.2 SuperPower SCS 4050APThe ar
hite
ture of the SCS4050AP (Advan
ed Pinning) tape is similar to that of the SCS4050.Additional arti�
ial pinning 
entres 
ontaining RE and Zr have been introdu
ed in order toin
rease the pinning e�
ien
y of the tapes. The super
ondu
ting layer partially 
ontains Gdand Y. The detailed 
ontent of Y and Gd is unknown for our sample. In earlier publi
ationsSuperPower used a Zr0.065Gd0.65Y0.65Ba2Cu3O7 
omposition [14℄. As previously mentioned,the RE:Ba:Cu ratio of 1.3:2:3 (instead of 1:2:3) results in abundant nanometre-sized pre
ipi-tates of RE2O3. The additional Zr 
ontent forms BaZrO3 nano-
olumns during the MOCVDpro
ess. TEM images of su
h samples [14℄ show BZO nano-
olumns oriented primarily along(but with a 
ertain splay) the 
-axis. RE2O3 nano-pre
ipitates have an average size of ≈9 nm. The RE2O3 nano-parti
les self-align in planes nearly parallel to the a,b-planes of thesuper
ondu
ting matrix.D.1.3 AMSC 344CAmeri
an Super
ondu
tor uses the low 
ost RABiTSTM/MOD (Rolling Assisted Bi-axiallyTextured Substrate/Metal-Organi
 Deposition) pro
ess to manufa
ture HTS 
oated 
ondu
-tors. The samples used 
onsist of a 75µm Ni 5 at.%W alloy as a substrate 
oated with 75 nmepitaxial bu�er layers made of Y2O3, YSZ and CeO2. The NiW substrate is textured andthe bu�er layers are deposited by sputtering. The approximately 0.8µm thi
k YBa2Cu3O7−δlayer is grown by MOD on the bu�er. Finally a silver layer is deposited on the top. Dependingon the appli
ation, di�erent stabilisers (
opper, stainless steel or brass) are soldered onto theHTS-strip. Figure D.3 shows the ar
hite
ture and �gure D.4 the 
ross-se
tion of the �naltape.Similar to SuperPower, AMSC introdu
es nano-parti
les during the the MOD pro
ess. Thedetailed 
omposition of the super
ondu
ting layer is unknown to author. A 
omposition ofDy0.5Y1Ba2Cu3O7 for AMSC tapes is reported in [54℄. The additional 
ontent of a RE(Dy)forms nano-dots (size 10-100 nm) of RE2O3 and RE2Cu2O5 during the MOD pro
ess [13℄.Furthermore, it has been shown that in
reasing the Er 
ontent x in ErxY1Ba2Cu3O7 fromzero to 0.5 de
reases the ratio Jc(H‖a,b)/Jc(H‖
) from 4.5 to 1.2 at 3T and 65K. The ratioin our AMSC samples was about 1.4 at 3T and 64K. Therefore, a higher RE 
ontent 
an alsobe expe
ted in this samples.
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D Neutron irradiation

Figure D.3: Ar
hite
ture of the AMSC 344 tape a

ording to [49℄.
Figure D.4: Cross se
tion of the AMSC 344 tapes. The pi
ture is taken from [53℄.

The produ
t 
ode 344C means:
• 4.4mm width
• Copper stabilised tapeNote that in 2011 AMSC 
hanged the name of the 344 wire to AmperiumTM-wire. Furtherdetails of the manufa
turing pro
ess of AMSC 
an be found in [53℄.D.1.4 AMSC 344SThe 344S tape is manufa
tured as the 344C ex
ept for its stabiliser. Stainless steel is used inthe 344S 
ondu
tor in order to enhan
e its me
hani
al properties.Table D.1 shows information provided by the manufa
turers of the 
oated 
ondu
tors. TableD.2 gives details of the dimensions and introdu
es our internal sample labelling.
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D Neutron irradiation
Type Ic at LN (A) Maximum rated ten-sile stress(MPa) Maximum ratedtensile strain(%) Manufa
turedSP SCS4050AP 94 <550 0.45 2010SCS4050 140 <550 0.45 2009AMSC 344C 81 150 (at ≈ 300K) 0.21 2009AMSC 344S 115 300 (at ≈ 300K) 0.3 2009Table D.1: Sample data provided by the manufa
turers

#Sample 
ode Type Purpose Thi
kness (mm) Width (mm) Length (mm)SP12 SP SCS4050 TR 0.1 4 26AC3 AMSC 344C TR 0.21 4.4 26AS3 AMSC 344S TR 0.29 4.4 26SP15 SP SCS4050 AN 0.1 4 26SPAP1 SP SCS4050AP AN 0.1 4 26AC4 AMSC 344C AN 0.21 4.4 26SPZ16 SP SCS4050 TS 0.1 4 50SPZ5 SP SCS4050 TS 0.1 4 50ACZ1 AMSC 344C TS 0.21 4.4 50ACZ4 AMSC 344C TS 0.21 4.4 50Table D.2: Dimensions of the sample. (Purpose 
ode: TR TRansport measurements; ANANisotropy measurements; TS Tensile Stress measurements)
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D Neutron irradiationD.2 Experimental details and evaluationD.2.1 Irradiation fa
ilityAll samples were irradiated in the TRIGA Mark II rea
tor of the Atominstitut / TU Wien.The TRIGA-rea
tor is a resear
h rea
tor of the swimming-pool type that is used for training,resear
h and isotope produ
tion (Training, Resear
h, Isotope Produ
tion, General Atomi
 =TRIGA). The rea
tor has a maximum 
ontinuous thermal output power of 250 kW. The fuelis in the form of a uniform mixture of 8 wt% uranium, 1 wt% hydrogen and 91 wt% zir
onium,where zir
onium-hydride is the main moderator. A detailed des
ription of the rea
tor type
an be found in [55℄.As already mentioned in 
hapter A.4, this rea
tor type provides a �simulation� of the ex-pe
ted neutron spe
trum at the position of fusion magnets. Figure D.5 shows the rea
torand the 
ore 
on�guration. The �ux densities for di�erent neutron energies at the 
entral

(a) Photograph of the rea
tor 
ore duringoperation. Pi
ture taken from [55℄ (b) Core 
on�guration a

ording to [28℄.ZBR marks the 
entral irradiation fa
il-ity. Note that the FLIP (Fuel Lifetime Im-provement Program) and STEEL rods arerearranged, meanwhile.Figure D.5: TRIGA Mark-II rea
tor 
ore at the Atominstitut TU Wienirradiation fa
ility were determined in [28℄ and are shown in table D.3.The �uen
e Φ·t for di�erent energies is 
al
ulated by multiplying the �ux density Φ with theirradiation time t and, vi
e-versa, the irradiation time 
an be 
al
ulated for a desired �uen
e.As in [3℄-[5℄, Φ=7.6 · 1016 m−2s−1 was used for the fast neutron �ux density in the 
entralirradiation fa
ility. The samples in this work were irradiated for 36h 35min and 62h 22min toobtain the desired fast neutron �uen
es of 1.0 · 1022 m−2 and 1.7 · 1022 m−2, respe
tively.For irradiation purposes, 
oated 
ondu
tor samples were sealed in a quartz tube slightly84



D Neutron irradiationEnergy range Flux density Φ (m−2s−1) Standard deviation (%)Total 2.1 · 1017 ± 5.7Thermal (E< 0.55 eV) 6.1 · 1016 ± 5.1Fast (E> 0.1MeV) 7.6 · 1016 ± 11.6(E> 1MeV 4.0 · 1016 ± 11.8Table D.3: Flux densities in the TRIGA rea
tor at a power level of 250 kW [28℄.larger than the sample. Afterwards the quartz tube was embedded in an aluminium 
ontainerand mounted in the 
entral irradiation thimble (marked as ZBR in �gure D.5(b)). After the
al
ulated irradiation time, the aluminium 
ontainer was stored inside the rea
tor pool at halfheight between 
ore and water surfa
e. Due to the high a
tivity of the samples, approximatelysix months had to pass until the 
ontainer and the quartz tube 
ould be opened. Typi
almeasured dose rates of the short samples after opening were ≈0.1mSv/h and 0.3mSv/h at adistan
e of 5 
m for Φ · t=1.0 · 1022 m−2 and 1.7 · 1022 m−2, respe
tively. Note that the timebetween irradiation and opening of the quartz tube was longer for the less irradiated samples,due to organisational reasons. The samples were stored in lead 
ontainers when not used formeasurements.D.2.2 Transport and irreversibility line measurements in the 17T-magnetTransport and irreversibility line measurements for �elds H‖
 and H‖a,b were performedin the 17T-magnet set-up. In this set-up, a super
ondu
ting NbTi-Nb3Sn 
omposite 
oilis mounted verti
ally in a helium bath. Samples with their surfa
e orientated parallel orperpendi
ular to the �eld are inserted with a sample rod from the top into the VTI (VariableTemperature Insert). A pump 
onne
ted to the VTI lowers the pressure inside the VTIand therefore helium gas �ows from the liquid helium reservoir passing a heater, the sampleand the bus bars to the external gas reservoir. By 
ontrolling the heater power, the sampletemperature 
an be varied. Fields between zero and 15T were used in this work. A four-pointte
hnique was used in order to dete
t the voltage at a given 
urrent. The 
urrent 
onta
tswere realised with pressed indium 
onta
ts and the voltage 
onta
ts with spring probes. Thetemperature was measured with a 
ernox sensor �xed 
lose to the 
oated 
ondu
tor.D.2.3 Anisotropy measurements in the 6T-magnetAnisotropy measurements at intermediate �elds (0-6T) were performed in the 6T-magnet set-up. Figure D.6(b) shows the whole set-up. The set-up is equipped with a super
ondu
tingsplit-
oil magnet, whi
h is mounted in the liquid helium bath generating a horizontal �eld. Asample holder with a verti
ally mounted 
oated 
ondu
tor 
an be inserted into the 
old part(VTI) of the set-up. Hen
e, the �eld is always perpendi
ular to the 
urrent and therefore85



D Neutron irradiation

(a) (b) 6T SetupFigure D.6: (A) Split 
oil 
ryostat with horizontal magneti
 �eld, (B) extra
ted rotatablesample rod, (C) 
old part inlet, (D) 
ontrol- and measurement-equipmentmaximum Lorentz for
e a
ts on the vorti
es. The angle Θ between the 
-axis of the tape andthe applied �eld H 
an be varied by rotating the sample rod between zero and 360o. FigureD.6(a) shows this 
on�guration. The temperature is varied similar by the 17T set-up. Four-point measurements were again performed in order to measure the resistivity. The 
urrent
onta
ts were implemented by pressed indium 
onta
ts and the voltage 
onta
ts were gluedwith silver paste. A Cernox temperature resistor was used to dete
t the temperature 
lose tothe sample.D.2.4 Tensile stress measurementsSet-upA tensile stress set-up was developed in this work and drawn with the CAD software SolidEdge. Afterwards, it was manufa
tured by the workshop of the Atominstitut. Finally theentire set-up was assembled and operated in the laboratory.Tensile stress measurements on irradiated insulating materials at liquid nitrogen tempera-tures for fusion 
oils have a long tradition at the Atominstitut, but 
hara
terisations of 
riti
al
urrents under tensile stress were not performed at our laboratory so far. The existing set-up,equipped with a 100 kN load 
ell, is not suitable for four-point measurements.From the start, the idea of extending the available set-up was 
onsidered not viable. Themain reason for disregarding a potential extension was based on the expe
tation of the max-imum for
e applied to 
oated 
ondu
tors being in the range of 1 kN rather than 100 kN.Therefore, a new set-up was designed with the further advantage of being positioned in-between an existing split-
oil rotating 1.4T-ele
tromagnet in order to measure anisotropyunder tensile stress. By the end of the �rst year of this PhD, the majority of the tensile stress86



D Neutron irradiationset-up as illustrated in D.7(b), was ready for operation.

(a) Tensile stress set-up. (b) Tensile Stress In-sert.Figure D.7: Photos of the tensile stress set-up. (A) Tensile stress insert assembled in betweenthe ele
tromagnet, (B) ele
tromagnet, (C) dewar with 
old part of the tensilestress insert inside, (D) 
ontrol and measurement equipment, (E) stepper motor,(F) removable spring, (G) load 
ell, (H) 
onne
tions, heating resistor, thermalswit
h, safety spring, et
., (I) 
old partMany parameters had to be 
onsidered in the design pro
ess and will be des
ribed in thefollowing.
• One limiting fa
tor of the set-up was the spa
e between the two poles of the ele
tromag-net. The 
old part, marked I in �gure D.7(b), had to �t into this spa
e and thereforethe maximum diameter of the s
a�old was limited to 5 
m. The maximum applied for
ehad to be 1 kN. In order to rea
h this value, minimum diameters of the push and pullrods were given as well, whi
h also redu
ed the spa
e.
• Currents of up to 300A have to �ow through the bus bars to the super
ondu
tor.
• Varying liquid nitrogen levels in the dewar would lead to periodi
 thermal expansionand 
ompression of the s
a�old, and therefore on the sample, if push and pull rodsbehave di�erently. 87



D Neutron irradiation
• Setting a 
ertain for
e with a stepper motor was 
onsidered as di�
ult, as the maximumapplied for
e is expe
ted to be at an elongation of typi
ally ≈0.6% i.e. ≈0.3mm in atypi
al sample.Several designs were visualised with Solid Edge and �nally a set-up with the following keyproperties was realised:
• The s
a�old is used as bus bar. Therefore brass was 
onsidered the material of 
hoi
efor the 
old part. The 
urrent �ows over the pull rod (B in D.8(a)) to the upper partof the removable 
arriage (C in D.8(a)). The sample is 
onne
ted with pressed indium
onta
ts (E in D.8(b)) to the upper and lower part of the 
arriage, whereas the guiderods (O in D.8(
)) are insulated from the upper part. Hen
e, the 
urrent �ows throughthe sample and ba
k to the 
urrent sour
e through the push rods (A in D.8(a)).
• The applied for
e is measured by a 2 kN load 
ell (Tedea-Huntleigh 615MG) at roomtemperature.
• The stepper motor is mounted on top with its rotation axis parallel to the pull andpush rods. With a trapezoidal thread the rotation is transformed to a translation alongthe pull rod axis. A ball bearing between load 
ell and thread rod prevents the lowerparts from rotating. A spring is used to transdu
e the for
e between the stepper motorand the pull rod.1 Di�eren
es in the thermal expansion of pull and push rod 
ould bedisregarded with this solution as well. The for
e is set with a stepper motor (Nanote
ST5709M1808A) 
ontrolled by a stepper motor 
ontroller (RN-S
hrittmotor).
• The sample is �xed in a removable 
arriage. This has the advantage, that an irradiatedsamples 
ould be mounted �rst in a laboratory equipped for radioa
tive sample manip-ulation and �nally assembled with the whole set-up in the low temperature laboratory.
• A Hall sensor dete
ts the magneti
 �eld parallel to the tape surfa
e (L in �gure D.8(
)).The signal measured by this sensor is a sine fun
tion of the angle between the a
tive areaof the sensor and the applied magneti
 �eld. This data is used during the evaluationpro
ess to 
al
ulate the 
orre
t angle (Θ) of the applied �eld. During the measurements,the angular information is obtained from the stepper motor, whi
h 
ontrols the rotationof the ele
tromagnet.
• The voltage 
onta
ts are glued with silver paste to the 
ondu
tor (G in D.8(b)), allowingsmall position rearrangements due to elongation.After initial tests the following key features were added:1Thanks again to Florian Hengstberger for this brilliant and simple solution.88
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(a) Front view (b) Front view without pushrods (
) Ba
k view without pushrods and an arti�
ial 
ut-outFigure D.8: Detailed CAD-images of the lower 
old part of the set up. Note that wires and
ables are not depi
ted. Des
ription: (A) Push rods, (B) pull rod, (C) removable
arriage, (D) bolts, (E) indium sheets, (F) PVC-washers, (G) voltage 
onta
ts,(H) 
oated 
ondu
tor, (I) voltage pins, (J) thermal swit
h, (K) heating resistor,(L) Hall probe, (M) strain gauge, (N) referen
e strain gauge on referen
e 
oated
ondu
tor, (O) guide rods
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D Neutron irradiation
• Tensile strain also needs to be measured. In order to measure the strain independentlyof the temperature, a stress-free strain gauge was assembled 
lose to the sample (N in�gure D.8(
)) on a small 
oated 
ondu
tor of the same type as the measured sample.Another strain gauge was glued dire
tly onto the 
oated 
ondu
tor with epoxy resin (Min �g. D.8(
)), measuring the strain of the sample. Both strain gauges were atta
hedto a tunable Wheatstone bridge as shown in �gure D.9. The equilibrium state at zeroapplied strain was set with a pre
ision potentiometer Rcal. The measured bridge voltageis given by:

Vbridge =
Vsupply

4
K ε (D.1)where Vsupply is the DC supply voltage, K is the gauge fa
tor given by the strain gaugeand ε is the applied strain. Strain gauges for 
ryogeni
 use (TML CFLA-3-350-11-4FA-LT) were used in the set up with a gauge fa
tor K = 2.05 ± 1%. The tensile strain ε
an be 
al
ulated from equation D.1.

• Heating resistors and thermal swit
hes were pla
ed at the bottom (K and J in �gureD.8(b)) and 
lose to the 
urrent plugs (H in �gure D.7(b)). After the last measurementor after a fault, the 
omputer program automati
ally starts a heating sequen
e for
ontrolled heating to room temperature. The thermal swit
hes were pla
ed in series
onne
tion with the heating resistors prote
ting the sample from high temperatures.The upper thermal swit
h opens at 50oC and the lower swit
h at 70o. The temperatureat the sample never ex
eed 40oC during the heating pro
ess.
• An a

urate Pt100-Class 1/5 resistor was used to measure the temperature 
lose tothe sample. The resistor was 
alibrated in the 17T set-up with a Cernox-resistor.Nevertheless, the temperature had a 
onstant absolute error of about -0.3K during allmeasurements when 
ompared to referen
e data of liquid nitrogen. One reason for this
onstant deviation 
ould be a thermo-voltage, as the 
urrent was not reversed duringone measurement in the tensile stress set-up. However, as the deviation did not 
hangeduring all measurements and due to la
k of time, the temperature sensor was not re-
alibrated.
• Liquid nitrogen 
an be automati
ally �lled by a 
omputer 
ontrolled magnet valve for
ryogeni
 use (Consar
ti
 SOL DN6 AS R1/4" 24VDC). Two non-
alibrated Pt100-Class B resistors were used to dete
t low and high liquid nitrogen levels in the dewar.Both resistors were insulated and mounted on a push rod.
• The 
onne
tions above the 
old part (H in D.7(b)) were mainly sealed with a PMMA(Poly Methyl MethA
rylate also known as Plexiglas R©) tube, surrounding the wholeupper part. This 
asing redu
ed freezing of air moisture on the set-up and espe
iallyalong the pull rod. 90



D Neutron irradiation
Figure D.9: Ele
tri
 
ir
uit of the strain gaugesThe whole set-up was 
ontrolled by a self-written python-framework whi
h was developedin this work and in [56℄[57℄. The open sour
e software Gnuplot [58℄ and the python bindingpyGnuplot [59℄ were used for visualising data during the measurements. In the programming
ode, spe
ial emphasis was given on simpli
ity, tra
eability and the usage of open sour
esoftware. Nevertheless, to adopt the set-up, basi
 programming knowledge is required. Inorder to keep the 
ode small and simple, no 
ode was written for unne
essary graphi
al userinterfa
es.In the 
ourse of a master thesis [57℄, an external USB-ADC/DAC 
ard LabJa
kU6 [60℄ wasimplemented in the set-up in order to set the �eld of the magnet. Furthermore, the existingstepper motor 
ontroller was implemented to 
ontrol a se
ond stepper motor in order to rotatethe magnet.The external USB-ADC/DAC 
ard has been re
ently also used to 
ontrol a self-built relaybox to swit
h the water valve for magnet 
ooling, the liquid helium valve and the heatingresistors. Furthermore, the four-point measurements of the liquid nitrogen level temperaturesensors were also performed with the external USB-ADC/DAC 
ard using their internal �xed
urrent sour
e.The features of the entire set-up are summarised by input and output parameters in thefollowing table.

91



D Neutron irradiationInput parameters Des
ription
I Current through the sample. Set by the 40A or 300A-
urrentsour
e.
F For
e applied to the sample. Set via the �rst stepper motor posi-tion to values between 0 and 1 kN (tested up to 0.5 kN).
µ0H Applied magneti
 �eld. Set via the DAC-
ard to �elds between 0and 1.4T.
Θ Field orientation. Set via the se
ond stepper motor position toangles between 0 and 230o.Water valve Cooling water valve (open/
lose).LN valve Liquid nitrogen valve (open/
lose).Heater Heats up the 
old part of the set-up.Output parameters Des
ription
V Voltage at the sample, measured by a Keithley 182 Nanovoltmeter.
I Current through the sample, measured over a 0.1Ω shunt.
T Temperature 
lose to the sample, measured with a Pt100 resistor.
BHall Magneti
 �eld perpendi
ular to the sample surfa
e, measured witha Hall sensor.
F Applied for
e, measured with a load 
ell.
ε Applied strain, measured with a Wheatstone bridge and straingauges.
Φ Field dire
tion, evaluated from the position of the stepper motorand/or the Hall voltage.
THL, TLL Temperatures at the position of the liquid nitrogen level sensors.Water �ow Flow rate of the 
ooling water (�ow / no �ow).Measurement loopThe 
omplete 
hara
terisation at one �xed applied for
e is done within one measurement loop.A loop starts by in
reasing the for
e stepwise from the relaxed state to the desired for
e. Atea
h step, the self-�eld Ic is measured. Between ea
h step, the sample returns to the relaxedstate and Ic is re-measured. Hen
e, the dependen
e of the self-�eld Ic on the stress/strainas well as the stress-strain dependen
e, are obtained from these measurements. If the sampledoes not enter the irreversible region, where the sample is irreversibly damaged, anisotropymeasurements begin after rea
hing the �nal for
e. Anisotropy measurements were performedat 0.1T, 0.2T, 0.4T, 0.6T, 1T and 1.4T. After the last measurement, the 
omputer programbegins the heating pro
ess. It has proved pra
ti
al to begin the heating pro
ess no laterthan 30 hours after the beginning of the measurement loop. After 30 hours, problems with92



D Neutron irradiationi
e formation along the pull rod 
an in�uen
e the measurements. One measurement looprequired approximately 44 h, in
luding 18 h of heating. Typi
ally, anisotropy measurementswere performed at nine di�erent for
es, leading to a net measurement time of typi
ally around400 hours for one sample.D.2.5 Ic-EvaluationThe 
riti
al 
urrent was evaluated at a 
riti
al ele
tri
 �eld Ec = 1µV/
m 
orresponding toa 
riti
al voltage Vc = l Ec. Here l denotes the distan
e between the voltage 
onta
ts. Thetransition between loss free and dissipative phase 
an be des
ribed by the power law:
E

Ec
=

(

I

Ic

)n (D.2)In (D.2), the voltage-
urrent behaviour is 
hara
terised by the 
riti
al 
urrent Ic and the
n − value. Both values were evaluated by �tting the measured data. Figure D.10(a) showsan example.
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(a) V/I 
urve of the pristine tape SP12 at 77Kand at 1.5 T. The solid green line is the �t a

ord-ing to (D.2). Note that a DC o�set was subtra
tedbefore. The grey shaded area marks the region ofthe �t.
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(b) Resistivity of an IRL Roebel single strand at77K and 2.0 T. The dashed lines mark the lowerand upper limit for the �t of the transition.Figure D.10: Evaluation of Ic from a V/I 
urve and Tc(B) from a transport measurement.D.2.6 Irreversibility line and Tirr(B)-evaluationThe 
riti
al temperature (Tc(0) or just Tc) is de�ned as the transition temperature between thenormal 
ondu
ting and the super
ondu
ting phase at zero �eld. In this work, the transitiontemperature at zero resistivity evaluated from the transition tangent and denoted as Tirr(B)
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D Neutron irradiationis used for 
omparison. The evaluation is shown in �gure D.10(b). Tc was evaluated at thesame 
riterion as Tirr in zero �eld. Tirr is asso
iated with the irreversibility �eld Birr.The evaluated values Tirr(B) 
an be plotted versus the applied �eld. These plots are 
alled�irreversibility line�. The obtained data is presented in se
tion D.3.2.Besides the de�nition of Tirr(B) and Tc−onset(B), �gure D.10(b) shows the 
hange of theresistivity of a 
oated 
ondu
tor with 
hanging temperature. In the normal 
ondu
ting region(T > 86K), the 
urrent �ows mainly through the surrounding 
opper.D.3 Results and dis
ussion of transport measurementsD.3.1 Homogeneity of the tapesIn re
ent years, the long-length homogeneity of 
oated 
ondu
tors has 
ontinuously improved.A few years ago, the magnetos
an te
hnique, dis
ussed in 
hapter C.2.1, dete
ted several de-fe
ts in 
oated 
ondu
tors. All samples of state-of-the-art tapes used in this work, were shownto be fairly homogeneous and no large defe
ts were dete
ted in the pristine samples. FigureD.31(a) and D.32(a) on page 116�. show magnetos
ans of a SuperPowerSCS4050 and anAMSC-344C tensile stress sample before testing. The signal in both samples was undisturbedover their entire length, due to the high quality of the super
ondu
ting �lms. The di�eren
ein the magneti
 �eld between the two samples originates from the paramagneti
 NiW-alloysubstrate of the AMSC sample, whi
h ampli�es the applied �eld from the permanent magnet.This paramagneti
 �eld of the NiW-alloy also enhan
es the AC losses. Hen
e, several groupstry to �nd non-paramagneti
 alloys for the RABiTS pro
ess. The �eld of the permanentmagnet �eld was subtra
ted from the lo
al �eld B in the magnetos
an images.D.3.2 Transport properties in the main �eld orientations at high �elds (0 to15T)The measurements presented in this se
tion were mainly performed in the 17T-set-up usingthe samples SP12, AS3 and AC3. Sin
e AS3 and AC3 behave similarly, only AC3 is dis-
ussed in the following. The pristine samples were 
hara
terised before and after irradiationto Φ · t = 1022 m−2. In order to 
ompare these results with results at higher �uen
es, thetransport measurements on SP15, SPAP1 and AC4 (up to 6T) are in
luded. The samplesSP15, SPAP1 and AC4 were irradiated to a �uen
e of Φ·t = 1.7·1022 m−2 and 
hara
terised inthe 6T set-up. All samples with the same �rst letters (e.g. SP12 and SP15) were taken fromthe same spool and therefore the same pristine performan
e 
an be expe
ted. Nevertheless, ifthe data prior and after irradiation were not obtained from the sample, the �uen
e is markedwith an asterisk (*) in the �gures of this se
tion.
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D Neutron irradiationAt high �elds (>1T), the 
riti
al 
urrent density depends mainly on the intra-grain 
ur-rents, whereas the 
riti
al 
urrent in low �elds depends mainly on the misalignment betweenthe grain boundaries in unirradiated 
oated 
ondu
tors [15℄[16℄. As previously mentioned,two main me
hanisms 
an generally be expe
ted from neutron irradiation. The �rst is aredu
tion of the 
riti
al temperature Tc due to oxygen displa
ements (point defe
ts). These
ond is an enhan
ement of the pinning e�
ien
y due to the introdu
tion of un
orrelatedpinning 
entres by fast neutrons. After irradiation Jc is redu
ed in low �elds and enhan
edat high �elds (at su�
iently low temperatures where the Tc redu
tion does not play a role)providing eviden
e that the inter-grain Jc is redu
ed after irradiation, whereas the intra-grain
Jc is enhan
ed. The latter is explained in a straight forward way by the enhan
ed pinningdue to the additional pinning 
entres. An a

umulation of the mobile point defe
ts at thegrain boundary and/or an enhan
ement of the lo
al �eld at the grain boundary, due to theenhan
ed intra-grain Jc was suggested to be responsible for this redu
tion at low �elds [5℄.At low temperatures, the pinning e�
ien
y is higher, due to the smaller thermal energy.In parti
ular, smaller defe
ts be
ome more e�
ient at low temperatures and the enhan
ementof Jc is after irradiation is more pronoun
ed after the irradiation.All these me
hanisms in�uen
e the 
riti
al 
urrent density Jc. At elevated temperatures
lose to Tc, the Tc-redu
tion dominates and Jc de
reases even at low �uen
es. At lower tem-peratures, the enhan
ement due to the added pinning 
entres dominate and Jc in
reases toa 
ertain �uen
e Φ · tmax, before it de
reases as the Tc-redu
tion be
omes dominant. This
riti
al dose depends mainly on �eld, temperature and on the starting material.The previously explained e�e
ts 
an be des
ribed qualitatively with a temperature s
alinglaw for the pinning for
e. Note that it is not the author's aim to explain the 
hange of pinningdue to neutron irradiation theoreti
ally but to �gure out the 
hanges of the 
riti
al 
urrentsdue to neutron irradiation by a strongly simpli�ed model. The redu
tion of Jc at low �eldsand the enhan
ement of Jc at high �elds 
an formally be des
ribed by a higher Birr(0K) and
Bc2 in irradiated samples.In many s
aling laws, the pinning for
e is expressed by:

Fp(B,T ) ≡ IcB = Ch(T )f(b) (D.3)where C is a 
onstant, h(T ) is a fun
tion of temperature and f(b) is a fun
tion of the redu
ed�eld b = B/Birr. The temperature fun
tion 
an be expressed as:
h(T ) ≈

(

Bc2(T )

Bc2(0)

)η (D.4)
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D Neutron irradiationwhere Bc2(0) is the upper 
riti
al �eld at T = 0 and η is typi
ally ≈2. The upper 
riti
al�eld dependen
e 
an be approximated by:
Bc2(T ) ≈ Bc2(0)

(

1 −
(

T

Tc

)σ) (D.5)where σ is typi
ally ≈1.5 in 
oated 
ondu
tors. One 
an rewrite D.4 as:
h(T ) ≈

((

1 −
(

T

Tc0

)σ))η (D.6)The �eld dependen
e of the pinning for
e is often given by [61℄:
f(b) = bp (1 − b)q (D.7)where typi
al values for p and q are about 0.5 and 3 in 
oated 
ondu
tors. The irreversibility�eld is given by:

Birr(T ) ≈ Birr(0)

(

1 −
(

T

Tc

))σ (D.8)Using D.6 and D.7 in D.3 gives for the �eld and temperature dependent 
riti
al 
urrent:
Ic ≈ C

[(

1 −
(

T

Tc

)σ)η] [
1

B

(

B

Birr(T )

)p(

1 − B

Birr(T )

)q] (D.9)The left term in D.9 will always de
rease with de
reasing Tc. The right part depends mainlyon Birr(T ), whi
h is related to Tc and Birr(0) by D.5. An enhan
ement of Birr(T ) wouldlead to higher 
riti
al 
urrents at higher �elds but lower 
riti
al 
urrents in lower �elds. Aspreviously mentioned, neutron irradiation enhan
es the upper 
riti
al �eld Birr, but de
reases
Tc.In order to get a feeling for the Ic 
hange after irradiation, two di�erent situations areillustrated in �gure D.11 for typi
al parameters (p=0.5, q=3, σ = 1.5, η = 2, Tc=89K,
Birr(0)=Bc2(0)=120T).

Ic in the pristine sample is represented by the red solid line (Tc = 89K), Ic in the irradiatedsample with a small redu
tion of ∆Tc=1.6K is illustrated by the green dashed line and theblue dotted line was 
al
ulated by assuming a higher Tc redu
tion of ∆Tc=6K.In D.11(a), a rather small enhan
ement of Birr is assumed that is similar to the situationfor H‖a,b. At high temperatures, the Tc redu
tion dominates and Ic in the pristine sample isalways higher than in the irradiated sample. At intermediate temperatures, Ic remains moreor less the same after irradiation. At low temperatures and high �elds, Ic is enhan
ed for
∆Tc=1.6K. For the ∆Tc=6K-assumption, Ic is always redu
ed.Figure D.11(b) shows 
al
ulations for a rather high enhan
ement of Birr similar to thesituation for H‖
. In this situation, the irradiated sample with ∆Tc=1.6K also rea
hes96
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(b) Strong enhan
ement of Birr(0)Figure D.11: Changing of Ic by 
hanging of Birr(0) and Tchigher Ic-values at high �elds and temperatures /77K. The Ic redu
tion for the ∆Tc=6K-assumption is not as pronoun
ed as in the H‖a,b situation, espe
ially at lower temperatures.Crossover situations between pristine and irradiated samples should be observed in measurable�eld ranges (0 to 15T) for su
h a 
on�guration.At the highest illustrated temperature (85K), Ic is redu
ed at all �elds in both situations.Note that p and q in D.7 and D.9 des
ribe the nature of the pinning for
es in the su-per
ondu
tor. Therefore, these parameters 
an 
hange with irradiation as well. In [3℄ anenhan
ement of p and q to respe
tively ≈0.7 and ≈4 was found after irradiation. Further-more, the introdu
ed pinning 
entres are more e�e
tive at low temperatures, as previouslyexplained. Hen
e, a further enhan
ement at lower temperatures is expe
ted (and therefore amove of the 
rossover to lower �elds). Both 
hanges were not 
onsidered in �gure D.11, butwill be seen in the following se
tions.Irreversibility line
Tc is redu
ed in irradiated samples, due to enhan
ed impurity s
attering 
aused by pointdefe
ts and point defe
t 
lusters.Figure D.12 shows the 
hange of Tirr(B) at all measured �elds for the AMSC tapes. Tc inthe pristine samples were 89.6K and 89.8K in the 344S and 344C tape, respe
tively. It is 
learfrom the di�eren
e of Tirr(15T) that the 344S tape has a steeper slope of the irreversibilityline and therefore a slightly higher Birr(0). Hen
e, the pinning e�
ien
y is slightly betterfor the 344S tape, resulting in higher 
urrent densities at the same temperature. Indeed,transport measurements showed higher 
riti
al 
urrents in the 344S tape.97
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µ0H || c (b) 344CFigure D.12: Irreversibility lines of AMSC pristine and irradiated samples. The data pointsrepresent the Tirr values at various �elds.In earlier work, a linear redu
tion of Tc with �uen
e by about 2·1022 Km2 (2K at a �uen
eof 1022 m−2) was found for YBCO 
oated 
ondu
tors [5℄. In the analysed samples, the redu
-tion of Tc is 1.4K for the 344S tape and 1.8K for the 344C tape at a �uen
e of 1022 m−2.At a �uen
e of 1.7 · 1022 m−2, Tc was redu
ed to 86.2K in the 344C 
ondu
tor, whi
h 
orre-sponds to a redu
tion of 2.1K/1022 m−2. The moderate redu
tion of Tirr(B), and thereforethe redu
tion in Birr(T ) at high temperatures, is 
ounterbalan
ed by the irreversibility linebe
oming steeper and Birr(T ) being enhan
ed at lower temperatures, due to indu
ed defe
ts.The steeper irreversibility lines, espe
ially for H‖
, show that the pinning e�
ien
y 
an befurther improved by defe
ts. The di�eren
e between the steepness of the irreversibility line for
H‖
 between Φ·t = 1022 m−2 and Φ·t = 1.7·1022 m−2 in �gure D.12(b) is signi�
antly smallerthan that between the pristine sample and the lower �uen
e. This de
reasing sensitivity dueto the defe
t density 
ould indi
ate an upper limit for Birr(0T).Figure D.13 shows the irreversibility lines of the SuperPower tapes.The redu
tion of Tc in the SuperPower 
ondu
tors was signi�
antly higher than in theAMSC tapes. At a �uen
e of 1022 m−2, Tc of the SCS4050 
ondu
tor was redu
ed from 92.9Kto 86.7K in self-�eld (�gure D.13(b)). At a �uen
e of 1.7 · 1022 m−2, Tc de
reased to 67.6K.This strong degradation in the GdBCO tape may originate from the high density of point de-fe
ts, due to the high absorption of thermal and epi-thermal neutrons. These point defe
ts arepair braking in d-wave super
ondu
tors, resulting in a lower Tc. The slope of the irreversibil-ity line 
hanges signi�
antly under irradiation. At 1022 m−2, the slope is steep a

ording toa high Birr(0K). This 
hange is more pronoun
ed than in the AMSC tapes, whi
h indi
ates
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(b) SCS4050Figure D.13: Irreversibility lines of SuperPower pristine and irradiated samples. The datapoints represent the Tirr values at various �elds.a lower pinning e�
ien
y in the SuperPower 
ondu
tor in this �eld dire
tion for the pristinesample. After irradiation to 1.7 · 1022 m−2, the irreversibility line be
omes less steep again.The pristine SCS4050AP tape (YGdBCO) has a lower Tc of 90.2K in self-�eld (�gure D.13(a)).At a �uen
e of 1.7 · 1022 m−2, Tc was redu
ed to 76.9K. The lower gadolinium 
ontent in thissample leads to a smaller dependen
e of Tc with respe
t to neutron irradiation. The slope ofthe irreversibility line does not 
hange noti
eably for both �eld dire
tions after irradiation,whi
h indi
ates that the pinning e�
ien
y was already high.The irreversibility line of the pristine AP-sample is signi�
antly steeper 
ompared to theSuperPower sample without arti�
ial pinning 
entres for H‖
. At 6T, Tirr is only 1K lowerin the AP-sample whereas the di�eren
e in Tc is 2.7K (
ompare Tirr(6T) in �gure D.13(b)with D.13(a)). One 
an extrapolate that for even higher �elds Tirr(B) of the AP-sample willex
eed that of SCS4050.Note that in a previous study [62℄, GdBCO bulk samples did not show a redu
tion of Tcafter irradiation with thermal neutrons at low �uen
es (Φ · t ≤ 9.75 · 1020, E < 0.5 eV). Thestrong redu
tion in Tc is therefore an e�e
t of the high �uen
e of thermal neutrons and/oran e�e
t of the epi-thermal neutrons. Thermal neutrons are hardly present at fusion 
oils,whereas epi-thermal neutrons (0.5 eV < E < 0.1Mev) rea
h the magnets (see �gure A.7 onpage 13). Hen
e, the question of whi
h me
hanism lowers Tc in GdBCO is 
ru
ial for anyappli
ation in a fusion 
oil.
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D Neutron irradiationCriti
al 
urrent density JcUntil the measurement of the 2009-SuperPower tapes (present tapes), all 
oated 
ondu
torsshowed an enhan
ement of Jc at a �uen
e of 1·1022 m−2 at 64K and high �elds and a redu
tionof Jc in low �elds. The 
rossover between redu
tion and enhan
ement in the 2007-AMSCsamples was at ∼8T and 0.3T for �elds H‖a,b and H‖
, respe
tively [3℄. In the 
urrentAMSC samples the 
rossover for H‖a,b was found at ∼6T and the 
urrents for H‖
 wereenhan
ed in the entire measurement range (2T - 15T), as will be shown later.In the 2007-SuperPower samples, the 
rossover at 64K was at ∼ 6T for �elds H‖a,b but
Jc was enhan
ed in the entire measurement range (µ0H <12T) for H‖
 [4℄.As in the irreversibility line measurements, the 
urrent AMSC tapes 
orrelate with theprevious results, whereas Jc was signi�
antly redu
ed at all �elds in the 
urrent SuperPowertapes. This redu
tion is 
aused by the same e�e
t as the Tc-redu
tion (higher 
ross-se
tionfor neutron absorption), as dis
ussed in the previous se
tion.In general, Jc in the pristine SuperPower sample is higher than Jc in the AMSC 
ondu
-tors for H‖a,b. For H‖
 on the other hand, Jc of the SuperPower tapes be
omes 
omparableor even smaller than Jc of the AMSC tapes. Due to the greater thi
kness of the AMSCsamples (two and three times thi
ker for 344C and 344S, respe
tively) and the larger width(4.4mm), the engineering 
urrent density is always signi�
antly lower in the AMSC samples.The 
riti
al 
urrent densities at di�erent temperatures are dis
ussed in the following inmore detail. Sin
e the present AMSC tapes 344C and 344S primarily di�er by a 
onstantfa
tor, only the 344C tape is shown. Note that Jc is slightly smaller in the 344C tape whereas
JE is 1.4 times higher due to the smaller 
ondu
tor thi
kness.Low temperature (T=50K)

• AMSC (�gure D.14(a)): For H‖
, the 
riti
al 
urrent density is enhan
ed in the entire�eld range after irradiation. At 6.0T, the 
riti
al 
urrent density is 1.9 times higher afterirradiation and 1.6 times higher at 15T. For H‖a,b, Jc is redu
ed for �elds below 4.25T.At 15T, Jc is 1.4 times higher after irradiation. The introdu
tion of e�
ient pinning
entres by neutron irradiation 
learly dominates at this temperature. The engineering
urrent density (JE ≈ 0.5 · 108 Am−2) for H‖a,b is still too small for fusion magnetappli
ations.
• SP (�gure D.14(b)): The pristine sample rea
hes engineering 
urrent densities of morethan 2·108 Am−2 at all �elds in the favourable �eld dire
tion (H‖a,b). This would besu�
ient for fusion 
oils. Unfortunately, JE does not rea
h these high values for H‖
.Only 0.3·108 Am−2 at 15T is found. After irradiation to 1·1022 m−2, the 
riti
al 
urrentdensity at H‖
 is only slightly enhan
ed for �elds below 4T. At 15T, Jc is only half100
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al 
urrent densities in the main �eld orientations at T=50K before andafter neutron irradiationafter irradiation. For H‖a,b, Jc is redu
ed at all �elds. At 4T and 15T, Jc is redu
edby a fa
tor of 2.6 and 3.4, respe
tively. As opposed to the AMSC tape, the redu
tion of
Tirr by 6.2K results in a 
lear redu
tion of Jc for nearly all �elds. At the higher �uen
eof 1.7·1022 m−2, the 
riti
al 
urrents are redu
ed by at least one order of magnitude.Besides the strong redu
tion of Jc at H‖a,b in the SuperPower tape, the 
omparable Jc at

H‖
 in both pristine samples is espe
ially striking at 50K (
ompare Jc in �gure D.14(a) withD.14(b)).Lowest possible liquid nitrogen temperature (T=64K)
• AMSC (�gure D.15): The 
riti
al 
urrent densities are ≈ 1.5 times higher at all �elds(H‖
) after irradiation up to 1022 m−2. For H‖a,b, Jc is slightly redu
ed at low �eldsand slightly enhan
ed at high �elds. The 
rossover o

urs at ∼6.5T. At 15T, the 
riti
al
urrent density in the irradiated sample is about 1.1 times higher than in the pristinesample. For lower �elds, Jc in the irradiated sample is higher for H‖
 than for H‖a,b.The 
rossover o

urs at 6T. Here, the degradation of the intrinsi
 pinning due to thedispla
ement of the latti
e atoms weakens the intrinsi
 pinning, whereas the e�
ien
yof un
orrelated pinning is enhan
ed in the other dire
tion (i.e. H‖
). This e�e
t o

ursat both irradiation levels.For the higher �uen
e, Jc is still enhan
ed for H‖
, yet less than after the �rst irradiationstep (see �gure D.15(b)). Therefore, the �uen
e optimising Jc is below 1.7·1022 m−2 at101
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(b) Intermediate �eld rangeFigure D.15: AMSC 344C: Criti
al 
urrent densities in the main �eld orientations at T=64Kbefore and after neutron irradiation at T=64K. Panel (b) shows the intermediate�eld range in more detail.64K. At low �elds, Jc is always higher for H‖
, but a 
rossover seems to happen at 6Tsimilar to the lower �uen
e.At H‖a,b, the 
riti
al 
urrent density rea
hes only 0.7 to 0.78 times the initial valueat 2T and 6T, respe
tively. The red 
urve in �gure D.20(b) on page 106 shows the
rossover situation where Jc(H‖
) be
omes 
omparable with Jc(H‖a,b) at the higher�uen
e.
• SP (�gure D.16(a)): At 64K, the 
riti
al 
urrent densities for all �eld orientationsand �elds are redu
ed in the SuperPower tape. The redu
tion is within the rangefrom 0.77 at 1T to 0.23 times the pristine Jc at 15T for H‖
 and 0.43 at 1T to 0.27times the pristine Jc at 15T for H‖a,b. Sin
e the temperature of 64K is 
loser to

Tc = 86.6K after the irradiation, the redu
tion of Jc is higher than for 50K. For thehighest �uen
e (1.7·1022 m−2 and Tc=67.6K), the 
riti
al 
urrent density is smaller byorders of magnitudes and therefore not illustrated (self-�eld Jc = 6.75 · 107 Am−2).Boiling temperature of liquid nitrogen (T=77K)
• AMSC (�gure D.17): After irradiation to 1·1022 m−2, the 
riti
al 
urrent densities for

H‖
 are slightly enhan
ed for �elds above 1.5T, whereas at lower �elds Jc is slightlyredu
ed (see �gure D.17(b)). At ∼6T, Jc of the pristine and the irradiated sampleis similar for H‖
. From the irreversibility line (�gure D.12(b) on page 98), one 
an102
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D Neutron irradiationevaluate a slightly enhan
ed Birr(77K) for Φ·t = 1·1022 m−2, indi
ating a higher pinninge�
ien
y. This enhan
ement is not as pronoun
ed as at T = 64K and therefore thee�e
t of the lower Tc more or less 
an
els the enhan
ement of Birr at this temperature,leading to a more or less similar Jc before and after irradiation. For H‖a,b, the 
riti
al
urrent density is redu
ed at all �elds. The 
riti
al 
urrent density is 0.72 and 0.52times the pristine values at 0.2T and 15T, respe
tively.After irradiation to 1.7·1022 m−2, the 
riti
al 
urrent density is redu
ed for all �elds.This is again evident from the irreversibility line (�gure D.12(b)), be
ause Birr(77K)and Tirr(B) are smaller at this �uen
e level. The redu
tion is stronger for high �eldsthan for low �elds.
• SP (�gure D.16(b)): All 
riti
al 
urrents are redu
ed after irradiation. For H‖
, Jcof the irradiated sample (1022 m−2) ranges from 0.30 at 0.1T to 0.032 times Jc of thepristine tape at 4T. The irreversibility �eld Birr(77K) is also redu
ed from 9.2T to5.8T after the irradiation (�gure D.13(b)). For H‖a,b, Jc is redu
ed to 0.30 times ofthe pristine sample Jc at 0.1T and to 0.023 times of the pristine sample Jc at 12T.
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al 
urrent densities in the main �eld orientations at T=85K before andafter neutron irradiation.Elevated temperature (T=85K)
• AMSC (�gure D.18(a)): At 85K, Jc is redu
ed for all �elds. Note that 85K is already
lose to the 
riti
al temperature and therefore Birr(85K) is redu
ed after irradiationas well. The irreversibility �eld Birr(85K)‖c evaluated from �gure D.12(b) is 2.0T104



D Neutron irradiationand 1.35T for the pristine and the irradiated sample, respe
tively. For H‖a,b, the irre-versibility �eld at 85K was redu
ed from 4.9T to 3.1T after irradiation. The redu
tionof Birr(85K) and Tc results in redu
ed 
riti
al 
urrent densities for all �elds in both�eld dire
tions.
• SP (�gure D.18(b)): For H‖
, the irreversibility �eld at 85K is redu
ed from 3.6T to0.4T. Therefore, small 
riti
al 
urrent densities were only measured at very low �eldsafter irradiation. For H‖a,b, the drop of Birr(85K) was even more signi�
ant. Birr isredu
ed from ≈17T before irradiation to 0.7T after irradiation. This strong redu
tionof Tc is also responsible for the large redu
tion of Jc.D.3.3 Anisotropy at intermediate �elds (0 to 6T)The samples SP15 (SCS4050), SPAP1 (SCS4050-AP) and AC4 (344C) were used for Jc-aniso-tropy measurements in the 6T set-up. All samples were measured before and after irradiationto Φ · t=1.7·1022 m−2.Figure D.19 shows the di�erent angular dependen
e of Jc in the pristine samples at 6Tand 2T at 64K. At 6T, both SuperPower tapes have more or less the same performan
e at
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(b) µ0H = 2TFigure D.19: Angular dependen
e of the pristine tapes.64K. Jc is about 1.2 times higher in sample SCS4050 for H‖a,b. The reason for this 
ould bea small dis
ontinuity of the CuO-planes due to the 
-axis oriented BZO nano-
olumns in theSCS4050-AP 
ondu
tor. Therefore, the intrinsi
 pinning is less e�e
tive. The AMSC taperea
hes the Jc values of the SuperPower tapes for �elds around H‖
, but not for other �elddire
tions. Therefore, the anisotropy is the lowest for the AMSC tape. This low anisotropyindi
ates a strong over doping of the RE-
ontent in the super
ondu
ting layer, whi
h forms un-105



D Neutron irradiation
orrelated nano-dots during the MOD pro
ess, as found in [13℄. The AMSC and the SCS4050tape are 
ompletely symmetri
al with respe
t to the 
-axis (0oand 180o) at 6T. The AP-tapeon the other hand has a slight asymmetry.At 2T, the SCS4050 tape shows the highest anisotropy of all three tapes due to the negligi-ble 
ontribution of un
orrelated pinning 
entres, whi
h are e�e
tive at intermediate and low�elds in other tapes. The intrinsi
 pinning peak o

urs 
learly, as well as the 
-axis peak, whi
horiginates from the aligned defe
ts (twin boundaries, dislo
ations, ...). The SCS4050-AP tapehas a smaller anisotropy, but the arti�
ial pinning 
entres seem to be aligned in preferreddire
tions, leading to a maximum at around 20o (200o). Contrary to the SCS4050-AP, the ar-ti�
ial pinning 
entres in the 344C tape enhan
e the properties at all �eld orientations, whi
halso leads to the lowest anisotropy of the three tapes at 2T. Note that the angle betweenthe maxima of the SuperPower tapes is not exa
tly 180o at low �elds (< 1T). This e�e
tis dis
ussed in more detail in se
tion D.4.4. Above a 
rossover �eld [63℄, the intra-granular
urrents mainly determine Jc and therefore asymmetry e�e
ts are hard to �nd at µ0H = 6T.Anisotropi
 properties 
hange signi�
antly due to the irradiation. Figure D.20 shows the
hanged angular dependen
e for two di�erent temperatures of the AMSC tape.
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ial pinning 
entres in the AMSC tape are not as e�e
tive asat low �elds and therefore the anisotropy is higher in the pristine samples. This situationdoes not 
hange after irradiation. The introdu
ed defe
t stru
ture hardly 
ompetes with the
onsequen
e of the Tc redu
tion at these elevated temperature. Birr(77K) is more or less thesame before and after irradiation (extrapolated from H‖
 in �gure D.12(b) on page 98). Thisresults in a slight redu
tion of Jc at all �eld angles. The a,b-peak is signi�
antly weaker dueto the introdu
ed disorder. 106



D Neutron irradiationAt 64K and 6T, one 
an see the high e�
ien
y of the introdu
ed un
orrelated pinning 
en-tres. Jc is enhan
ed at all angles, expe
t 
lose to H‖a,b. This applied �eld (6T) 
orrespondsto the 
rossover in �gure D.15 on page 102, where Jc for H‖
 be
omes as high as for H‖a,b.At a lower �uen
e, Jc(H‖
) is expe
ted to be even higher than Jc(H‖a,b) (a

ording to �gureD.15).Dire
t 
omparisons similar to �gure D.20 are not possible for the SuperPower tape, sin
ethe Jc redu
tion was too strong.Ea
h sample will be dis
ussed in detail in the following se
tions.SuperPower SCS4050
Jc in the pristine sample (�gure D.21) is asymmetri
 with respe
t to the 
-axis at 64K and77K for low �elds. This asymmetry may be 
aused by tilted planes of GdO2 pre
ipitates.Due to the absen
e of BZO nano-
olumns, the anisotropy is higher than in the SCS4050AP
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(b) T = 77KFigure D.21: Angular dependen
e of the pristine SuperPower SCS4040 tape.sample for all �elds and temperatures. Be
ause of the gadolinium, Jc is redu
ed by twoorders of magnitude (Tc=68.6K) in the irradiated sample. Figure D.22 shows an anisotropymeasurement at T = 50K. The 
riti
al 
urrent density is symmetri
 to the 
-axis even atlow �elds. No lo
al minima 
lose to the a,b-peaks o

ur after irradiation at this temperatureas T/Tc is still too high.SuperPower SCS4050APThe data of the pristine SCS4050AP sample are highly asymmetri
 at T = 64K and T = 77Kat low �elds (�gure D.23). The nano-
olumns seem to be 
orrelated and the lo
al maximumin Jc shifts by 20o-30o from the 
-axis. At elevated �elds, the BZO nano-
olumns and the(RE)O2 nano-parti
ipates be
ome ine�e
tive and the angular dependen
e of Jc is similar to107
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Figure D.22: Angular dependen
e of the irradiated SuperPower SCS4050 tape.that in a tape without BZO nano-
olumns (SCS4050).
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(b) T = 77KFigure D.23: Angular dependen
e of the pristine SuperPower SCS4050-AP tape.After irradiation (�gure D.24), Jc is redu
ed by one order of magnitude at 64K (Tc=77.4K).The degradation is not as pronoun
ed as in the SCS4050 
ondu
tor, as yttrium has onlypartially been substituted by gadolinium. At 64K, the a,b-peak is wider than before theirradiation but the anisotropy is not signi�
antly redu
ed unlike at 50K where a redu
tion ofthe anisotropy is 
learly visible.AMSC 344CThe pristine AMSC tape has a very low Jc-anisotropy at low �elds (�gure D.25). The RE2O3nano-parti
les are mostly un
orrelated sin
e no distin
t lo
al maximum o

urs besides the108
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e of the irradiated SuperPower SCS4050-AP tape.
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e of the pristine and irradiated AMSC 344C tape. Note,that for �eld angles between 90o and 180o the temperature was not stable for
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109



D Neutron irradiationintrinsi
 peak. The angular Jc-dependen
e is always symmetri
al. At 64K the Jc-anisotropyis higher than at 77K for the same �elds and a 
-axis-peak is visible. Hen
e, at low temper-atures the nano-dots are not as e�e
tive as at high temperatures 
ompared to the intrinsi
pinning.At 64K (�gure D.26(a)), a lo
al maximum develops between �elds parallel and perpendi
-ular to the a,b-planes at high �elds after irradiation and the 
urrents are smallest 
lose to
H‖a,b at 3T and 4T. At 6T, the 
riti
al 
urrent density at H‖
 equals the 
riti
al 
urrent
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(b) T = 77KFigure D.26: Angular dependen
e of the irradiated AMSC 344C tape.density at H‖a,b (see �gure D.15(b)). One 
an 
on
lude from �gure D.15 that at even higher�elds the intrinsi
 pinning would again dominate as at 77K at high �elds (�gure D.26(b)).At 77K (�gure D.26(b)), the maximum of the angular dependent Jc o

urs around the
-axis for low �elds. At higher �elds, a lo
al minimum develops on
e more at the 
-axisposition. The 
rossover, where Jc(H‖
) be
omes smaller than Jc(H‖a,b) is also somewherebetween 1T and 2T (see �gure D.17(b)).D.4 Results and dis
ussion of tensile stress measurementsIn BSCCO tapes, the linear dependen
e of Ic with stress/strain was entirely explained by thepressure dependen
e of the 
riti
al temperature (Tc) [64℄. Due to the dependen
e of Ic on T/Tc(see left part of equation D.9), the sensitivity on stress/strain also 
hanges with temperature.For temperatures 
lose to Tc, the Ic-sensitivity is stronger. Furthermore, the relative 
hangeof Ic with stress/strain in
reases with applied magneti
 �elds in BSCCO. Additionally, thein-plane stress/strain dependen
e in BSSCO is isotropi
.The 
orrelation between pressure dependen
e (Tc dependen
e) and applied stress/strain is110



D Neutron irradiationmore di�
ult if the in-plane strain dependen
e of Ic be
omes anisotropi
 as in (RE)BCO. InYBCO single 
rystals, Tc in
reases linearly with pressure along the b-axis (1.9±0.2K/GPa)and de
reases with pressure along the a-axis (-2.0±0.2K/GPa) [65℄. Hen
e, twin boundaries2and in-plane misalignments 
hange the stress/strain dependen
e. The mi
ros
opi
 stru
turehas to be 
onsidered in order to understand the ma
ros
opi
 behaviour. A qualitative 
orre-lation between the uni-axial pressure dependen
e of Tc and the reversible stress/strain-e�e
twas found in [26℄. Figure D.27 shows two di�erent situations in YBCO thin �lms.

Figure D.27: Explanation of the Ic strain dependen
e in IBAD-MOCVD (RE)BCO 
oated
ondu
tors, taken from [26℄: (a) Twin boundaries are oriented at 45o to thesuper
ondu
ting �lm. (b) Twin boundaries perpendi
ular to the tape dire
tionwhen stress/strain is applied along the super
ondu
ting �lm.The situation in D.27(a) 
orresponds to the alignment of the a,b-planes in IBAD-MOCVD(RE)BCO 
oated 
ondu
tors (as the SuperPower tape in this work). The a-axis or b-axis isoriented parallel to the tape axis. A 
urrent �owing from left to right �rst �ows parallel to theb-axis, but parallel to the a-axis after passing the twin boundary. If stress/strain is appliedalong the tape dire
tion, Tc and therefore Jc de
reases in the left grain and in
reases in theright grain, as indi
ated in the inserts. In other words, up to the optimum stress/strain statethe right grain limits Ic and afterwards the left grain limits Ic.If the a- and b-axes of the unit 
ells are tilted by 45o to the tape dire
tion as in ISD (In
lined-Substrate Deposition) (RE)BCO 
oated 
ondu
tors, the opposite Tc-σ/ε dependen
ies 
an
elea
h other in ea
h grain and the 
riti
al 
urrent is no longer sensitive to the stress/strain.Both situations were measured in [26℄. Note that the situation in D.27(b) would also o

ur,if stress/strain was applied at an angle of 45o to an IBAD-MOCVD 
ondu
tor. This wouldhave a positive e�e
t in IBAD-MOCVD twisted 
ables [26℄.Note that dislo
ations on the other hand 
an introdu
e a relatively large amount of stress/-2Neighbouring latti
es whi
h are rotated by 90o in the a,b-plane.111



D Neutron irradiationstrain and therefore 
hange the initial latti
e stress/strain state.Of further interest is the lower strain sensitivity of GdBCO 
oated 
ondu
tors, whi
h wasfound to be 58% smaller than in YBCO 
oated 
ondu
tors [26℄.Until now, no tensile stress measurements on irradiated 
oated 
ondu
tors have been reported.Therefore, no referen
e data existed before these measurements were started. Tensile stressmeasurements on pristine 
oated 
ondu
tors show that tensile stress 
an be applied up tothe irreversible stress/strain-limit (σirr/εirr) without a permanent redu
tion of the 
riti
al
urrent on
e the stress has been released. On the 
ontrary, as previously mentioned, an idealstress/strain exists, where a maximum of the 
riti
al 
urrent is expe
ted.Due to the missing referen
e data for irradiated samples and the prototype-status of ourset-up, all measurements were performed with high resolution (i.e. in small intervals of angle,�eld and for
es). Therefore, the full 
hara
terisation of a sample took about two months(see se
tion D.2.4). Sin
e the measurements on one sample were always terminated when theirreversible region was entered, the sample was damaged and 
ould no longer be used. Hen
e,in 
ontrast to the transport and anisotropy 
hara
terisation, the measurements before andafter irradiation 
ould not be performed on exa
tly the same sample, but on di�erent samples
ut from one long pie
e of a tape.In parti
ular tensile stress measurements, generally require statisti
s from many measure-ments. Note that our results refer to only one sample of ea
h manufa
turer, in order to keepthe total e�ort 
ompatible with the available time.In the following, the irreversible stress/strain limit (σirr, εirr) is de�ned as the last stress/-strain before Ic in the relaxed state is redu
ed to 95% of the initial value. The exa
t irreversiblelimit of the pristine AMSC 344C tape was not determined, as the sample rea
hed the irre-versible limit between two anisotropy measurements at 303MPa. Hen
e, only lower limits ofthe irreversible parameters 
an be given for this sample.D.4.1 Stress-strain dependen
eThe stress-strain dependen
e was measured at the same time as the self-�eld Ic - dependen
eon the stress (between the anisotropy measurements).SuperPower SCS4050Figure D.28 shows results for the SuperPower tapes. Right from the beginning, the ap-plied stress led to a permanent deformation in both samples. The yield strength of thesubstrate (Hastelloy) is 700MPa at 76K [66℄ whi
h 
orrelates to a stress of 347MPa in theSCS4050 tape. The yield strength is signi�
antly lower than the irreversible stress limit, andtherefore, the deformation o

urs early in our measurements. A redu
tion of this deformation
112
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e of the SuperPower tape. Di�erent symbols mark dif-ferent measurements labelled by the maximum of the applied stress after ea
hmeasurement.was always observed after heating the sample to room temperature. The Young's modulus orE-modulus (e) of all measurements was evaluated and the results are shown in the legends ofthe �gures. Straight lines mark the �tted linear dependen
y (e · ε).The maximum deformation was about 0.5% before internal 
ra
ks released stress from thepristine sample, whi
h led to a higher strain after relaxing (�gure D.28(a)). After the �rst
ra
ks o

urred, the strain without applied stress was higher than 0.3%. The 
ra
ks o

urredat an applied stress of 740MPa in this sample. The �tted3 E-modulus in this sample variedbetween 147GPa and 172GPa with a mean value of 163MPa. These data are similar to valuesfrom literature for this sample. The irreversible stress limit was spe
i�ed to be >550MPa bythe manufa
turer. The real limit was signi�
antly higher in our samples.In the irradiated sample, up to 800MPa, no signi�
ant jump of the strain o

urred afterrelaxing. The highest deformation of the sample was about 0.14% after applying 800MPa.The �tted E-modulus varied between 129GPa and 154GPa with a mean value of 139GPa.Therefore the measured E-modulus 
hanged to a lower value after irradiation.Note that the measurements for maximum applied stresses of 300MPa and 400MPa werenot usable due to i
e formation on the pull rod. Therefore, these measurements are notillustrated in �gure D.28.AMSC 344CFigure D.29 shows the stress-strain dependen
e of the AMSC 344C 
ondu
tor. Similar to the3The lower margin of the �t was always 50MPa and the upper margin was the maximum applied stress ofthe previous measurement (e.g. 100MPa for the 200MPa measurement).113
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e of the AMSC tape. Di�erent symbols mark di�erentmeasurements labelled by the maximum of the applied stress after ea
h mea-surement.SuperPower tapes, the early irreversible deformation was partially 
ured after heating to roomtemperature. The yield strength of the substrate (Ni-5at%W) was reported to be 260MPa [66℄at 76K whi
h 
orrelates to a stress of 84MPa in the AMSC 344C tape. The yield strengthis signi�
antly lower than the irreversible stress limit and, therefore, the deformation on
eagain o

urs early in our measurements. The pristine sample (�gure D.28(a)) was irreversiblydamaged between two anisotropy measurements and therefore only a lower limit of 303MPaand 0.33% respe
tively, was determined as irreversible stress and strain limits. The E-modulusvaried from 100GPa to 109GPa with a mean value of 106GPa.The maximum tolerable tensile stress for this sample was spe
i�ed to be 150MPa at roomtemperature by the manufa
turer. This value in
ludes a broad safety margin, as our sampleswere able to withstand at least twi
e the rated irreversible stress at liquid nitrogen tempera-tures. In [67℄ the irreversible strain limit for a similar sample was found to be 0.38% and theE-modulus of the initial slope was 132GPa.The irradiated sample (�gure D.29(b)) was loaded up to the irreversible limits, whi
h were

σirr =410MPa and εirr =0.53%, respe
tively. On
e more, the irreversible limits are signif-i
antly higher than spe
i�ed by the manufa
turer. The E-modulus at higher applied stressvaried at around 100GPa and was therefore slightly lower than in the pristine sample.D.4.2 Self-�eld 
riti
al 
urrent (Ic)SuperPower SCS4050In the relaxed state, the 
riti
al 
urrent in self-�eld (Ic 0) of the irradiated sample was about12% of Ic 0 in the pristine sample. Detailed absolute values are reported in table D.4 on page114



D Neutron irradiation117. Figure D.30(a) shows the 
hange of Ic in the absen
e of an applied �eld.
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e of the self-�eld 
riti
al 
urrent in all measured tapes. The
riti
al 
urrents are normalised by the self-�eld 
riti
al 
urrent in the relaxedstate Ic 0 (see table D.4 on page 117).After applying 740MPa/ε=0.55%, the 
riti
al 
urrent was permanently redu
ed in thepristine sample. Two major 
ra
ks o

urred between 740MPa and 800MPa. After the initialredu
tion, Ic was further redu
ed to 120A (≈ 0.83 Ic 0) and the remaining strain on the sampleafter releasing the stress was above 0.3% as previously shown in �gure D.28. After applying790MPa a se
ond 
ra
k redu
ed Ic to 105A (≈ 0.7 Ic 0). It was not possible to determinethe irreversible destru
tion via opti
al inspe
tions, but magnetos
an imaging showed the lo-
alised destru
tion of the super
ondu
ting layer, as will be shown in the next se
tion. At theirreversible stress limit of 740 MPa, Ic was only redu
ed to 95%. Note that measurements ofother pristine SCS4050 samples from the same bat
h showed irreversible limits of stress upto 800 MPa (not shown in this work).For the irradiated sample, the irreversible stress/strain limit was rea
hed at 800MPa/ε=0.65%.The irradiated sample has greater sensitivity to applied stress than the pristine sample. Closeto the irreversible stress limit of 790MPa, Ic was redu
ed to 67%. Neutron irradiation didn'tin�uen
e the irreversible stress/strain limits, whereas the stress/strain-sensitivity of Ic wassigni�
antly enhan
ed. This e�e
t 
ould be explained by the lower Tc and therefore a higher
T/Tc ratio in the irradiated tape at 77K. As previously mentioned, a higher sensitivity fortemperatures 
loser to Tc was found in BSCCO tapes in [24℄.AMSC 344CFigure D.30(b) shows the stress dependen
e of Ic in the AMSC 
ondu
tor. The sensitivity of
Ic does not 
hange after irradiation at all, but a slight maximum around 100MPa may exist.115



D Neutron irradiationThe pristine sample was irreversibly damaged during the anisotropy measurements at303MPa, therefore no data exist for higher stress values. Below 303MPa (ε=0.33%), Ic wasnever redu
ed to below 98%. Ic of the irradiated sample is redu
ed to 92% at the irreversiblestress limit of 410MPa (ε=0.53%).Note that the absolute Ic 0 was redu
ed to 76% in the irradiated tape 
ompared to thepristine value.D.4.3 HomogeneityMagnetos
ans of the pristine samples were performed before and after tensile stress measure-ments. Before applying stress, both 
ondu
tors were quite homogeneous with no signi�
antdefe
t (�gure D.31(a) and D.32(a)).
(a) Pristine sample

(b) After applying 320N (800MPa)Figure D.31: Magnetos
an of the pristine SuperPower sample before and after the tensilestress measurements.The pristine AMSC 
ondu
tor had a slightly lower Ic on the left edge. Sin
e the 
urrent
onta
ts were 
onne
ted over a length of ≈15mm at both edges, this slight Ic redu
tion 
anbe disregarded.After applying the maximum load (�gure D.31(b) and D.32(b)), both 
ondu
tors wereirreversibly damaged. The super
ondu
tor was damaged over a long length and not ex
lusivelyalong single 
ra
ks. In both samples, the 
entre part (where the voltage 
onta
ts and the straingauge is lo
ated) remained nearly inta
t. The left and right ends, where pressed 
onta
ts heldthe sample, also remained super
ondu
ting. Hen
e, the load of the 
urrent terminations doesnot destroy the sample and good 
urrent feed 
an be ensured.116



D Neutron irradiation

(a) Pristine sample
(b) After applying 280N (303MPa))Figure D.32: Magnetos
an of the pristine AMSC sample before and after the tensile stressmeasurements.

Sample σirr εirr Ic 0(0T ) Tmean Tmin Tmax Tstdpristine SP (SPZ16) 740MPa 0.55% 142.7A 77.07K 76.98K 77.11K 0.04Kirrad. SP (SPZ5) 800MPa 0.6% 16.52A 77.16K 77.03K 77.45K 0.13Kpristine AMSC (ACZ1) >303MPa >0.33% 88.4A 77.27K 76.93K 77.47K 0.16Kirrad. AMSC (ACZ4) 410MPa 0.53% 67.1A 77.24K 77.18K 77.39K 0.06KTable D.4: Summary of the irreversible limits from the self-�eld measurements.
117



D Neutron irradiationD.4.4 Anisotropy
Ic-anisotropy measurements were performed at 0.1T, 0.2T, 0.4T, 0.6T, 1.0T and 1.4T fortensile for
es up to 400N.For the lowest �eld (µ0H=0.1T), for an intermediate �eld (µ0H=0.6T) and for the highestpossible applied �eld (µ0H=1.4T), the 
riti
al 
urrents over the whole angular range aresummarized in �gures D.33 to D.35 and D.39 to D.41 for the SuperPower and the AMSCsample, respe
tively.The �eld was parallel to the tape surfa
e at ± 90o and perpendi
ular to the tape surfa
e at0o. For the SuperPower 
ondu
tor the left maximum peak (≈ −90o) and the right maximumpeak (≈ −90o) are referred to as Θleft and Θright, respe
tively. In the AMSC sample, thepeaks are referred to as a,b-peaks, as they are positioned at the 
lassi
al a,b-peak position of
± 90o.The 
olour pro�le of the 3D �gures indi
ates the relative 
hange of the 
riti
al 
urrent withregard to Ic at the maximum at about 90o(SuperPower: Θright or AMSC: Θab).SuperPower SCS4050The 
riti
al 
urrents in the pristine sample at 0.1T (�gure D.33(a)) are asymmetri
 withrespe
t to the 
-axis, due to the tilt of the a,b-plane and/or the Gd2O3 pre
ipitates. The
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(b) Irradiated sampleFigure D.33: Anisotropy of the SuperPower tape under tensile stress at µ0H=0.1T.left maximum is shifted by -11o and the right maximum by -6.5o to the the tape surfa
e inthe relaxed state. The minimum is lo
ated at around -30o. The ratio between maximum andminimum is about 1.7 and does not 
hange with applied stress. As expe
ted from the self-�eldmeasurements, the 
hange that o

urs in Ic upon applying tensile stress is rather small. Theangular position of the left and right maxima does not 
hange with applied stress.118



D Neutron irradiationThe di�eren
e between the shift of the two maxima with respe
t to the tape surfa
e disap-pears for the irradiated sample at 0.1T (�gure D.33(b)). Both maxima are shifted by about5.5o to the tape surfa
e in the relaxed state. The asymmetri
 behaviour 
hanges to a moresymmetri
 one in the irradiated sample. Again Imax
c /Imin

c does not 
hange with applied stress.It is about 1.8 to 2 and therefore slightly higher than in the pristine sample. The maximum
Ic o

urs at around 200-300MPa for all �eld orientations, whi
h is indi
ated by the yellow
olour in the diagrams (a

ording to a relative enhan
ement).At 0.6T, the 
riti
al 
urrent of the pristine sample is more symmetri
 to the 
-axis thanat 0.1T (�gure D.34(a)). Furthermore, the anisotropy is enhan
ed. A small lo
al minimum
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(b) Irradiated sampleFigure D.34: Anisotropy of the SuperPower tape under tensile stress at µ0H=0.6T.o

urs at ≈ −35o and a small lo
al maximum appears at ≈10o.The angular dependen
e of Ic in the irradiated sample is more or less symmetri
al to the
-axis (�gure D.34(b)). Again, an enhan
ement of Ic is found at around 200MPa and thesensitivity on the applied stress is signi�
antly higher than in the pristine 
ondu
tor.At 1.4T (�gure D.35), the pristine sample has a slight maximum similar to a 
onventional 
-axis-peak at about 0o. The �ux lines are pinned by defe
ts aligned along the epitaxial growthdire
tion. The lo
al minimum at negative angles next to this peak is slightly smaller than theminimum at higher angles. The left maximum is shifted by -4.6o and the right by -3.7o withrespe
t to the tape surfa
e in the relaxed state. The angular dependen
e of Ic be
omes moresymmetri
 at higher �elds, as the APCs be
omes less e�e
tive. The ratio of Ic at the rightmaximum and at the 
-axis-peak is 2.6.The irradiated sample no longer shows a 
-axis-peak at 1.4T (�gure D.35(b)). For bothmaxima, the shift to the surfa
e is about 4o. The ratio between the right maximum and the119
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(b) Irradiated sampleFigure D.35: Anisotropy of the SuperPower tape under tensile stress at µ0H=1.4T.minimum lo
ated 
lose to 0o is 6.4 indi
ating a high anisotropy. At 1.4T, the maximum atabout 200MPa is not observed.Figure D.36 shows the shift of the maxima with respe
t to the tape surfa
e, depending on �eldand stress, in detail. At low �elds, the shift of the left maximum is nearly twi
e as large as
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e. The left peak shifts (∆Θleft) are indi
ated with dashed lines, whereasthe right peak shifts (∆Θright) 
orresponds to the solid lines. The di�erent
olours mark di�erent applied stresses.the shift of the right maximum in the pristine sample (�gure D.36(a)). Up to 1.4T, the shiftof both maxima 
onverge to a 
onstant value of about 4o. The de
reasing pinning e�
ien
yof the 
orrelated Gd2O3 parti
ipates explains the shift of the maximum peaks towards theirorientation at low �elds. The remaining shift of ≈4o on the other hand is likely to be 
aused120



D Neutron irradiationby tilted a,b-planes as found in [68℄. The di�eren
e in the positions of the left and the rightpeak at low �elds is un
lear at present.In the irradiated sample, the di�eren
e between both maxima be
omes signi�
antly smaller.Nevertheless, the peaks move from ≈-7o (173o) to ≈-4o (176o). Similar to the pristine sample,the peak shift 
onverges at 4o at higher �elds, 
onsistent with a tilt of the a,b-planes..Furthermore, Θright is always higher than Θleft.Tensile stress does not in�uen
e the angular dependen
e and therefore the positions of themaxima are also not a�e
ted.As previously found, slightly higher Ic values o

ur for stresses around 200MPa in the ir-radiated samples for �elds ≤1T (�gure D.33(b) and �gure D.34(b)). A more detailed analysiswas performed for various �elds parallel to the right maxima and for H‖
 (0o). Figure D.37and D.38 show the results.
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1.4 T (b) irradiatedFigure D.37: Stress dependent Ic redu
tion for various �elds parallel to the right maximumpeak (H‖Θright). In the pristine sample Ic at 1.4T was normalised by the
Ic-value at 100MPa, sin
e the temperature was too low during the 25MPa mea-surement.In the pristine sample, Ic is redu
ed slightly more for H‖Θright (�gure D.37(a)) than for

H‖
 (�gure D.38(a)) with in
reasing �eld. Ic is redu
ed to 90% of Ic,0 at 700MPa, 1.4T and
H‖Θright. With in
reasing �eld the stress dependen
e of Ic be
omes stronger. A similar �elddependen
e was also found in YBCO 
oated 
ondu
tors for H‖a,b [69℄.After irradiation (�gure D.37(a)), Ic is redu
ed to 50% of Ic,0 at 800MPa, 1.4T and
H‖Θright. A maximum of the 
riti
al 
urrent o

urs at around 200MPa for all �elds ex-
ept for the highest applied �eld of 1.4T. Furthermore, the highest redu
tion of Ic is observedat 1.4T and Ic de
reases monotonously with �eld.Contrary to H‖Θright, the lowest redu
tion of Ic o

urs at an intermediate �eld of 0.4T121
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1.4 T(b) Irradiated sampleFigure D.38: Stress dependent Ic redu
tion for H‖
 . In the pristine sample, Ic at 1.4T wasnormalised by the Ic-value at 100MPa, sin
e the temperature was too low duringthe 25MPa measurement.for H‖
 in the pristine sample (�gure D.38(a)). For lower and higher �elds the Ic degradationis stronger. A similar behaviour for H‖
 was found with a maximum Ic at 0.25T in YBCO
ondu
tors [69℄.The 
riti
al 
urrent of the irradiated sample rea
hes a maximum at an applied stress of200 -300MPa (�gure D.38(b)). At intermediate �elds (0.6T and 1.0T), signi�
antly highervalues of Ic are rea
hed at 200MPa. On the other hand at higher applied stresses, the 
riti
al
urrents are monotonously redu
ed with �eld. On
e again, the redu
tion of Ic is signi�
antlyhigher in the irradiated sample.AMSC 344CUnlike SuperPower tapes, the Ic-angular dependen
e of the AMSC tape is always symmetri
with respe
t to the 
-axis. The APCs introdu
ed during the MOD pro
ess form nano-dots,as shown by TEM images [13℄. These nano-dots are mostly un
orrelated sin
e the a,b-peakis parallel to the tape surfa
e for all �elds and no further maxima appear. As previouslyexplained, the AMSC APCs are very e�
ient at low �elds.At 0.1T (�gure D.39(a)), only a slight angular Ic-dependen
e is observed in the pristinesample. Similar to the self-�eld tensile stress dependen
e, Ic does not 
hange with appliedfor
es. The 
riti
al 
urrents of the irradiated sample (�gure D.39(b)) are redu
ed to ≈ 70%
ompared with the pristine values. A very slight enhan
ement of Ic between H‖a,b and
H‖
 was observed in the irradiated sample.At an intermediate �eld of 0.6T, the pristine sample has small maxima for H‖a,b (�gureD.40(a)) and no signi�
ant Ic redu
tion with applied stress. The irradiated sample on theother hand has a 
lear global maximum for H‖
, due to the introdu
ed pinning 
entres.122
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(b) Irradiated sampleFigure D.39: Anisotropy of the AMSC 344C tape under tensile stress at µ0H=0.1T.
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(b) Irradiated sampleFigure D.40: Anisotropy of the AMSC 344C tape under tensile stress at µ0H=0.6T.
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D Neutron irradiationAt 1.4T, Ic is again the highest at H‖a,b in the pristine sample and the anisotropy is ratherlow (�gure D.41(a)). The 
riti
al 
urrents of the irradiated sample are enhan
ed for orien-
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(b) Irradiated sampleFigure D.41: Anisotropy of the AMSC 344C tape under tensile stress at µ0H=1.4T.tations around H‖
 and lo
al maxima o

ur around the a,b-peaks (�gure D.41(b)). Ic for
H‖
 is nearly equal to the value of the pristine sampleA

ording to �gure D.17(a) on page 103, the Θ-dependen
e will not 
hange signi�
antlywith even higher �elds at this neutron �uen
e. Again, only a slight redu
tion of Ic o

urs inrelation to the applied for
e.A detailed analysis of the stress dependen
e for H‖
 and H‖a,b is shown in �gures D.42and D.43.
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(b) Irradiated sampleFigure D.42: Stress dependent Ic redu
tion for H‖a,b.
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D Neutron irradiation
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(b) Irradiated sampleFigure D.43: Stress dependent Ic redu
tion for H‖
.The 
riti
al 
urrent of the pristine sample never de
reases up to the maximum applied stressof 303MPa (�gure D.42(a)). The irradiated sample behaves similarly, but a degradation to
≈90% of the initial value o

urs at 389MPa, slightly beyond the irreversible limit of 410MPa(�gure D.42(a)). A �eld dependen
e was not observed up to the se
ond highest applied stressof 346MPa. For the highest applied stress of 389MPa, the degradation is 
learly higher athigher �elds. The 
riti
al 
urrent dependen
e on applied stress is similar for �elds H‖a,b and
H‖
 .The stress sensitivity of the AMSC tape does not 
hange after irradiation. Sin
e the 
losenessof the temperature to the 
riti
al temperature is 
ru
ial for the 
hange of Ic with appliedstress/strain, the lower Tc of the SuperPower tape 
ould be an explanation for the more pro-noun
ed 
hange in sensitivity in the SuperPower sample. Hen
e, the point defe
ts, whi
h
ause the Tc redu
tion, appear to be responsible for the in
reased stress sensitivity of theSuperPower 
ondu
tor.Note that the me
hani
al and irreversible limits remain more or less the same for both samplesbefore and after neutron irradiation.
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E Status of HTS 
oated 
ondu
tors forfusion magnet 
oilsIn this �nal 
hapter, the requirements on 
oated 
ondu
tors spe
i�ed in A.1 will be dis
ussed.High 
riti
al 
urrents in high magneti
 �elds at high temperaturesThe estimated 
riti
al engineering 
urrent density of JDemo
c,E (15T) ≈ 1.2 · 108 Am−2 wasnearly rea
hed (≈ 0.9 · 108 Am−2) in the pristine SCS4050 
ondu
tor at 64K for the �eldapplied parallel to the a,b-planes. For �elds parallel to the 
-axis, the 
riti
al engineering
urrent density is too low by about one order of magnitude. In 2008, the highest value of

Jc,E(15T)≈ 0.5 · 108 Am−2 was reported in SuperPower YBCO 
oated 
ondu
tors [3℄, whi
his about a fa
tor of two lower than in the SuperPower SCS4050 
ondu
tor investigated in thiswork.In re
ent years, the enhan
ement of the 
riti
al 
urrent density in 
oated 
ondu
tors hasbeen impressive. Furthermore, SmBCO 
ondu
tors with in
reased super
ondu
ting layerthi
kness in short samples (
entimetre range) rea
hed about four times higher 
riti
al sheet
urrent density when 
ompared with the SuperPower sample of this work. If these remark-able improvements in 
oated 
ondu
tor development 
ontinue, the desired engineering 
urrentdensities at 64K 
ould be rea
hed in the forth
oming years.The 
ondu
tor has to withstand neutron irradiation without a performan
e lossUnfortunately, unlike YBCO 
oated 
ondu
tors, GdBCO 
oated 
ondu
tors were not able towithstand the full-neutron-spe
trum irradiation of the TRIGA rea
tor without a signi�
antloss of performan
e. The high neutron 
apture 
ross-se
tion of gadolinium seems to be re-sponsible for the strong redu
tion of Tc, as the re
oil of the ex
ited atoms, when emittinggamma rays, 
reate point defe
ts that disturb the super
ondu
ting phase. However, a fusionspe
trum 
onsists of signi�
antly less thermal and epi-thermal neutrons (whi
h are mainly
aptured by the Gd nu
leus) than the �ssion spe
trum of the TRIGA rea
tor. Therefore, theusability of gadolinium and samarium 
oated 
ondu
tors for fusion magnet 
oils, needs to befurther investigated.At 64K, the YBCO 
oated 
ondu
tors investigated in this work always showed an enhan
e-ment of Jc at high �elds after irradiation. Therefore, YBCO 
oated 
ondu
tors on
e againdemonstrate their ability to withstand neutron irradiation.126



E HTS for fusion magnet 
oilsHomogeneity over long lengths of 
ondu
tors:Contrary to previous results [3℄, no signi�
ant lo
al defe
ts in today's 
ommer
ially available
oated 
ondu
tors were found. Geometri
al imperfe
tions and lo
al defe
ts found in narrowprototype Roebel strands should be avoidable in the future. Striating Roebel strands bypi
o-se
onds infra-red laser pulses seems to be a promising te
hnique, as the �laments arewell separated from ea
h other by a tiny gap and the 
oupling is very weak. Nevertheless, thequality of the striated strand is limited by the homogeneity of the underlying 
oated 
ondu
tor.Current sharing between strands with low AC lossesCoupling losses of Roebel loops were investigated in detail. It was found that the lossesstrongly depended on the width of the tapes. Therefore, one should aspire narrow Roebelstrands with small gaps between the strands, whi
h should be �lled nearly 
ompletely withtransverse se
tions of the strands in order to lower the AC losses.Currently, no 
oupled solutions for 
ommer
ially available Roebel 
ables exist. The ques-tion of how to 
ouple single strands (at 
ertain points or throughout the entire 
able) is stillopen.Me
hani
al strength and a low stress dependen
e of IcIn the pristine samples, the 
riti
al 
urrent of both YBCO and GdBCO 
oated 
ondu
torsminimally depends on the applied stress. After irradiation, the 
riti
al 
urrent dependen
eon stress was signi�
antly enhan
ed in the GdBCO 
ondu
tor, whereas nearly no 
hange wasobserved in the YBCO 
ondu
tor. This e�e
t is likely to be 
aused by the lower Tc in theirradiated GdBCO 
ondu
tor, as the sensitivity of Ic on applied stress be
omes higher attemperatures 
loser to Tc. However, the irreversible limits did not 
hange after irradiation.The irreversible stress limits of 
oated 
ondu
tors far ex
eed those of 
onventional Nb3Sn
ondu
tors. The irradiated SuperPower tape showed a reversible behaviour up to 800MPa,whi
h is well beyond the (estimated) required irreversible limit of 500MPa for a DEMO 
able.Cables with a large heat removal 
apabilityThe two main 
able-
on
epts (Roebel 
able and 
oaxial 
able) based on 
oated 
ondu
torsdesigns have a good heat removal 
apability be
ause of the 
opper stabilisation. Nevertheless,an a

urate predi
tion should 
onsider the 
able design and the 
oolant. Sin
e neither the
able design nor the 
oolant is spe
i�ed, this issue was not addressed in this work.Easy to handle 
ables (preferably round)As previously mentioned, the Roebel 
able and the 
oaxial 
able are both promising 
andi-dates for a future fusion 
able design. The main advantage of the Roebel 
able is the full127



E HTS for fusion magnet 
oilstransposition of the strands. On the other hand, the overall 
urrent is redu
ed by self-�elde�e
ts in the 
able. Furthermore, its industrial assembly is rather 
ompli
ated. Tensile stressapplied to a Roebel 
able might lead to defe
ts at the (inner) 
orners of the strand. There-fore, the use of Roebel 
ables without me
hani
al reinfor
ement is questionable. A long lengthprodu
tion of a Roebel 
able is 
ompli
ated, but was already demonstrated.In 
ontrast, the strands of a 
oaxial 
able are not fully transposed, but the 
on
ept iseasy to s
ale up and an industrial assembling pro
ess is already established. The 
oated
ondu
tors are wound under 
ompressive stress in this 
able and therefore the entire 
ableshould withstand even higher stresses than single strands.Currently, both 
on
epts are subje
t to resear
h and none of them has proven to be superioryet.Materials should be inexpensive(RE)BCO 
oated 
ondu
tors are still by far more expensive than 
onventional LTS 
ondu
-tors. These 
osts need to be redu
ed if 
oated 
ondu
tors were to be used in fusion 
oils.The higher 
osts 
ompared to Nb3Sn 
ould nevertheless be partially balan
ed by several 
ostsavings due to the higher operating temperature. Furthermore, radi
al 
ost 
uts are expe
ted,if thi
ker super
ondu
ting layers 
ould be realised or if 
oated 
ondu
tors 
ould be manufa
-tured by 
hemi
al methods.It should be emphasized, on
e again, that the use of liquid helium as a 
oolant is no option fora sustainable energy sour
e, sin
e the amount of helium is limited on earth. Therefore, fromtoday's perspe
tive, HTS 
oated 
ondu
tors are the only option for future fusion magnet 
oils.Promising perspe
tives for 
oated 
ondu
tors and 
ables for fusion magnet appli
ations 
anbe dedu
ed from our results, but a substantial further development of 
ondu
tors and 
ablesis needed to meet the requirements of future nu
lear fusion plants.
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