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KurzfassungIn den letzten Jahren zeigten Studien über die möglihe Verwendung tehnisher Hohtempe-ratursupraleiter (Bandleiter) für zukünftige Fusionskraftwerksspulen durhwegs positive Er-gebnisse. Nah der Bestrahlung mit Neutronen erreihten Bandleiter annähernd gleihe kriti-she Stromdihten und Temperaturen wie im unbestrahlten Zustand. Das Einbringen künstli-her Verankerungszentren durh Neutronenbestrahlung, deren Gröÿe ungefähr der Kohärenz-länge des Supraleiters entspriht, führte sogar zu gröÿeren Verankerungskräften im Supraleiterund dadurh zu höheren kritishen Strömen bei hohen Feldern.Zur Verwendung in zukünftigen Magnetspulen, müssen die Bandleiter zu Kabeln verarbeitetwerden. Eines der erfolgversprehendsten Kabelkonzepte ist das Roebelkabel. Der Strom�usszwishen gekoppelten Einzelleiter in einem Roebelkabel, sowie die Wehselstromverluste ver-ursaht durh gekoppelte Shleifen, sind bisher jedoh noh niht gänzlih verstanden.Weiters wurden die mehanishe Zugfestigkeit und die Abhängigkeit des kritishen Stromsvon der mehanishen Zugspannung bisher nie an bestrahlten Proben untersuht. Aus diesenund anderen Gründen ist die Eignung von Bandleitern bzw. von Roebelkabeln in Fusionsspulennah wie vor ungeklärt. Einige dieser Fragen sollen mit Hilfe dieser Arbeit geklärt werden.Supraströme sollten die Möglihkeit haben, Defekte in einem einzelnen Leiter zu um�ieÿen,weshalb die Einzelleiter eines Roebelkabels resistiv verbunden werden sollten. Diese Verbin-dungen bilden jedoh geshlossene Shleifen, wodurh in Wehselfeldern Kopplungsströmeinduziert werden, die wiederum zu Wehselstromverlusten führen.Bisher wurden Roebelkabel mittels vershiedener Tehniken gekoppelt, ohne allerdings Ein-zelheiten des lokalen Strom�usses zu untersuhen. In dieser Arbeit wurden deshalb Einzelleitereines Roebelkabels in vershiedenster Weise miteinander gekoppelt und untersuht. Zusätzlihwurde ein Modell zur Berehnung der Wehselstromverluste bei niedrigen und hohen Feldernerstellt. Verlustmessungen an den gekoppelten Proben, sowie zeit-aufgelöste Messungen derlokalen Felder zeigten gute Übereinstimmung mit den theoretishen Modellen.Weiters wurde ein Inversionsalgorithmus geshrieben, mit dessen Hilfe man den lokalenStrom�uss und die Wehselstromverluste aus der Messung des lokalen Feldes berehnen kann.Die lokale Stromverteilung während einer Zeitperiode konnte dadurh aus Messungen derlokalen Feldverteilung berehnet werden. Sowohl Feldverteilung als auh Stromverteilung wur-den in Bezug auf shwah-, mittel- und stark gekoppelte Zustände in Wehselfeldern unter-suht. Es zeigte sih, dass die Breite der Bänder (wie auh der Widerstand der Verbindungen,Frequenz,...) eine kritishe Gröÿe für die induzierten Ströme sowie für die Verluste darstellt.Wie shon in vorhergehenden Arbeiten wurden aktuelle Bandleiter vor und nah Neutro-nenbestrahlung harakterisiert, um den Fortshritt in der Entwiklung der Materialien nihtaus den Augen zu verlieren. In dieser Arbeit wurde erstmals eine deutlihe Reduzierung derkritishen Stromdihte Jc und der kritishen Temperatur Tc in einem Bandleiter nah der
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Bestrahlung beobahtet.Ein Zugversuhsaufbau für Bandleiter, mit dem die Abhängigkeit des kritishen Stromes vonder Zugspannung gemessen werden kann, wurde im Rahmen dieser Arbeit entwikelt. Win-kelaufgelöste Messungen in Magnetfeldern bis 1.4T wurden bei angelegten Zugspannungenrealisiert. Die weltweit ersten Zugversuhe an Bandleitern nah einer Neutronenbestrahlungdemonstrierten auÿergewöhnlihe mehanishen Eigenshaften der Bandleiter. Des weiterenerhöhte sih die Sensitivität von Ic bezüglih der Zugspannung in einem Bandleiter deutlihnah der Bestrahlung.Die Ergebnisse zeigen viel-versprehende Aussihten für die Verwendung von HTS-Band-leitern in zukünftigen Fusionsspulen. Um jedoh allen Anforderungen einer Fusionsspule ge-reht zu werden, sind weitere substanzielle Entwiklungen von Bandleitern und Kabeln not-wendig.
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AbstratIn reent years several studies on the usability of tehnial high temperature superondutors(oated ondutors) for future fusion power plants reported promising results. Neutron irra-diation to the expeted �uene has not shown signi�ant redutions in ritial urrents andtemperatures. On the ontrary, the introdution of defets with a size mathing the super-onduting oherene length has led to enhaned �ux pinning. Nowadays, manufaturers aretrying to introdue arti�ial pinning entres during the fabriation proess in order to ahievethe same pinning fore enhanement. Coated ondutors have to be assembled somehow forengineering high �eld magnet oils and therefore powerful ables are needed. The RoebelAssembled Coated Condutor - onept (RACC or Roebel-able) and/or Rutherford ablesare promising options for suh ables.Many questions about inter strand oupling and therefore about AC losses in Roebel ableshave not yet been answered. Furthermore, mehanial stress, ritial urrent and tempera-ture behaviour of state-of-the-art oated ondutors before and after neutron irradiation areunknown. Therefore, the usability of Roebel ables made of oated ondutors for fusion ap-pliations is still open. Important issues for the development of suitable ables are addressedin this work.Super-urrents should be able to bypass defets in single strands of a superondutingRoebel-able. Therefore, resistive onnetions between these strands are needed. These on-netions form losed loops and oupling urrents indued by external AC �elds lead to addi-tional losses.Strands of Roebel ables were oupled by di�erent tehniques in the last years and weremeasured without a detailed knowledge about the mehanisms in the resistively onnetedsuperonduting 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 alulate the indued urrents and their resulting losses. AC loss measurements andtime resolved maps of the loal �eld penetration on�rm the model alulations. An inversionalgorithm was written for the alulation of the loal urrent �ow and the global AC lossesfrom the �eld penetration. Current and �eld distributions have been mapped in detail duringone AC yle for unoupled, fully oupled and intermediate situations. This study shows thatthe width (besides the resistive joints, frequeny, ...) of the oated ondutor plays a ruialrole for the indued urrents and onsequently for their losses.Similar to previous work, state-of-the-art oated ondutors have been measured beforeand after neutron irradiation in order to monitor reent developments. For the �rst timea signi�ant redution of Jc and Tc has been observed in a oated ondutor after neutronirradiation.A tensile stress apparatus for assessing the dependene of Jc on tensile stress and strain in
vi



oated ondutors 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 ondutorsafter neutron irradiation demonstrate the outstanding mehanial properties of oated on-dutors even after irradiation. Furthermore, a signi�ant enhanement of the stress sensitivityof Ic after irradiation was found in the reversible region in one tape.Promising perspetives for oated ondutors and ables for fusion magnet appliations anbe dedued from our results, but a substantial further development of ondutors and ablesis needed to meet the requirements of future nulear fusion plants.
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A IntrodutionWith the disovery of superondutivity in 1911 by Heike Kamerlingh Onnes, sientists andengineers started to dream of large superonduting magnets. It took many deades beforethe �rst superonduting magnet, ooled by liquid helium, was realised at the University ofIllinois in 1954. This magnet reahed nearly 1T and was wound with old worked Nb. Inthe following years one �eld reord 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 disovered superondutivity in Ba-La-Cu-O with a transitiontemperature of 35K and a new lass of superondutors (High Temperature SuperondutorsHTS) was born. Many opper-oxide ompounds (uprates) have been found to be superon-duting. The highest transition temperature (164K) was found in 1994 in HgBa2Ca2Cu3O8+δunder high pressure. Transition temperatures above liquid nitrogen temperatures (64-77K)and high ritial �elds started a revival of the dream of high �eld superonduting magnets inthe sienti� ommunity. It was only a matter of time until tehnial problems of manufa-turing and handling of the brittle HTS materials ould be solved. While the origin of HTS isnot yet understood, the manufaturing proess for tehnial ondutors made of (RE)BCO-ompounds has beome highly developed. So far, it appears that the oated ondutor designhas won the rae for a tehnial ondutor arhiteture in high �elds. Note, that BSCCO(Bismuth-strontium-alium-opper-oxide) tapes and wires are also promising materials forlow �eld and low temperature appliations. However, due to their high amount of silver (highneutron ativation), their low stress resistane and their high sensitivity of the ritial urrentto high magneti �elds, BSCCO ondutors are less viable for fusion magnet appliations.In reent years, (RE)BCO oated ondutor manufaturing has improved and long lengthondutors (km range) as well as �rst HTS-oated ondutor magnet systems have beomeavailable on the market. Nevertheless, the question of a suessful magnet able design madeof oated ondutors remains open.The International Thermonulear Experimental Reator (ITER) is urrently being on-struted in Caderahe (Frane). About 30% of the reator's overall osts arises from thesuperonduting magnet system. Fields up to 12T are antiipated for the ondutors of theoils. 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 onern. HTS ondutors an1



A Introdutionuse other oolants, suh as nitrogen and hydrogen. The question of whether HTS ondutorsould be used for fusion oils has been under disussion for many years. In oneptual studiesfrom 2006, the power onsumption of ooling systems was alulated to be redued 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 suh a system, reduingbuilding osts. Other advantages of using HTS ondutors are avoiding the omplex Nb3Sn�wind & reat-tehnique� and muh more onvenient old tests when using liquid nitrogen.On the other hand, HTS ondutors are urrently more expensive than LTS ondutors 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 onept.During the ultimate researh phase of ITER and in future fusion power plants, the deu-terium (21H)-tritium (31H) reation (DT-reation) will be used as the fusion proesses:
2
1H+3

1 H →4
2 He(3.5MeV) + n(14.1MeV) (A.1)Under operating onditions, the α-partile (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 prodution.By passing the blankets, neutrons will slow down before they reah the magnet oils. Theenergy spetrum of the neutrons at the superonduting magnets was alulated for theSTARFIRE fusion plant [2℄ and is shown in �gure A.7. Although the neutrons are slowerthan immediately after the DT-reation in the plasma, they have a strong ontribution inthe fast region (E >0.1MeV) and a destrutive interation with the oil material is expeted.The durability of HTS ondutors due to fast neutron irradiation has been demonstrated forYBCO oated ondutors in reent years [3℄-[5℄, but has beome again a hot topi with newstate-of-the-art ondutors, as will be shown in Chapter D.The next step from ITER towards a working ommerial fusion plant is the onstrution ofa demonstration reator (DEMO). DEMO has four main goals [6℄:

• To demonstrate a workable solution for all physis and tehnology questions.
• To demonstrate large sale net eletriity prodution with a self-su�ient fuel supply.
• To demonstrate high availability and reliable operation over a reasonable time span.
• To aess the eonomi prospets of a power plant.
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A Introdution

Figure A.1: Basi onept 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 oneptual study for a DEMO design.The �rst steps towards a working HTS solution for the DEMO magnet system have beenahieved by many groups world wide. Nevertheless, a hallenging path still awaits.A.1 Expetations on HTS oated ondutors for fusion magnetsRequirements on the HTS oated ondutor in a fusion magnet are:
• High ritial urrents in high magneti �elds at high temperatures.
• The ondutor has to withstand neutron irradiation without a performane loss.
• Homogeneity over long lengths of ondutors and low resistive spliing.
• Current sharing between strands, but low AC losses.
• Mehanial strength and a low stress dependene 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 ondutors and some are still tobe resolved. In the following analysis, these expetations 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.
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A IntrodutionThe ritial urrent of a tehnial superondutor is reahed if a ritial �eld Ec (mostly1µV/m) is deteted on the superondutor. Aordingly, the ritial urrent density:
Jc =

Ic

Asc
(A.2)is the ritial urrent divided by the superonduting ross setion Asc. Sometimes the ritialurrent per tape width, also known as sheet urrent density, is used for oated ondutors.Sine the thikness of the superonduting layer is about two orders of magnitude lower thanthe width, it makes sense to assume a two dimensional arhiteture, where only a sheet urrentdensity:

J (2D)
c =

Ic

wsc
(A.3)is needed. Here wsc is the width of the superondutor.The enhanement of Jc in a superonduting material is a major subjet in material siene.For an engineer or a oil designer, who wants to ahieve a ertain �eld with the winding, theengineering urrent density:

JE =
I

Acond
(A.4)is the more important value. Here, Acond is the ross setion of the entire ondutor or able.In order to link the ritial urrent to the ross setion of the wound ondutor we de�ne aritial engineering urrent density:

Jc,E =
Ic

Acond
(A.5)Hene, an enhanement of Jc,E is important for future fusion oils.The highest �elds (Bmax) and urrents our in the toroidal �eld oils (TF), denoted simplyas oils in Figure A.1. Therefore, the following investigations onentrate on these oils. Forthe magneti �eld lose to the ondutor, the magneti �eld in the plasma (Bt), the majorradius of the Tokamak (Rp) and the plasma radius (ap) are important. The maximum �eld atthe ondutor an be estimated by [7℄:

Bmax =
κBt

1 − ap

Rp
− ∆int

Rp

(A.6)where ∆int is the distane between the internal plasma edge and the superonduting wind-ing and κ is an amplifying fator from the average �eld to take into aount the sides of theasing. Typial 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



A Introdutionrent density for the CICC1-ondutor is ≈ 0.52·108 Am−2. Note, that there is already spaefor the oolant and opper in the underlying ross setion. 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 ritial engineering urrent density in a able with spaefor 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 senarios with less hallenging requirements for HTS ondutors inthe ommunity. In these onepts 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-reation esape to the magnet oils andarrive at the ondutor with a wide energy spetrum. The fast neutron �uene over the wholelifespan tls of ITER was alulated to be:
Φ · tls(E > 0.1MeV)=1022 m−2where Φ is the neutron �ux density. Note that all �uenes in this work refer to fast neutrons(E>0.1MeV). A wide spetrum of defets arise due to neutron irradiation. Point defetsand point lusters lower Tc and therefore Jc. On the other hand extended defets � so-alledollision asades � are produed by fast neutrons and inrease Jc as they are e�etive pinningentres. At high temperatures, both e�ets ompete with eah other and with inreasing�uene the Tc redution beomes more dominant. Starting with Jc,0 in a pristine ondutor,

Jc inreases with inreasing neutron �uene (Φ · t) until a maximum is reahed at Φ · tmax.Afterwards, Jc dereases with inreasing �uene reahing the initial value Jc,0 at a ertain�uene. For higher �uenes Jc dereases further.At all times during operation Jc has to be higher than Jc,0 in the ondutor. Therefore,the highest operating temperature ould be used if Jc is equal to the initial value Jc,0 by theend of the reator's lifespan.1Cable in Conduit Condutor 5



A Introdution
Jc(B,T,Φ · tls) = Jc(B,T, 0)Currently two to three manufaturing lines exist worldwide whih are able to produe ho-mogeneous ondutors of more than one km in one piee. The total ondutor length of aDEMO fusion oil was estimated to be in the range of approximately 300 000 km dependingon �eld, radius, et. Therefore, able spliings with as low as possible resistive joints areneeded. Spliing 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 reahed with AMSC oated on-dutors.Loal inhomogeneities redue Ic. As a onsequene, thermal hotspots our at the position ofthe impurities during operation. The smaller the ondutor, the higher are the requirementson its homogeneity. Currents annot bypass defets. if the ondutor reahes the size of thedefets. Nevertheless, if hotspots our in a ondutor, the urrent �owing in this ondutorshould be transferred to another one. Hene, resistive onnetions between single ondutorsare needed. But these onnetions form losed loops in the able and therefore introdue AClosses. One has to optimise future ables with respet to these two e�ets and therefore adetailed knowledge of AC loss phenomena is important.At high magneti �elds and high urrents, signi�ant fores at on the magnets. Thesefores an a�et the superondutor in two di�erent ways. Firstly they ould damage theondutor irreversibly and, seondly, the ritial urrents ould derease with inreasing 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 ritial urrent (Ic(σirr)) on stress aslow as possible. Sine the irreversible limit in NbTi and Nb3Sn would be too low in ITER(σirr ≈ 100−200MPa, εirr ≈ 0.4% for a typial Nb3Sn/Bronze wire), the ondutors have tobe wound under ompressive stress. In other words, some pre-stress/strain is applied undernormal onditions. Furthermore, the CICC ables have to be mehanially stabilised by radialplates in order to redue the stress/strain on the superondutor. In fat, about 55% of theross-setion material of the TF oils is 316LN strutural steel. Aording to [9℄, the enteringfore, vertial fore and hoop stress maximum values of the TF oils are 403MN, 205MN and470MPa, respetively. In DEMO, the urrents of the TF-oils are lower than in ITER, butthe �eld is higher. The fores ating on the superondutor will approximately be similar inDEMO sine F ∝ J · B. Therefore, we assume a minimum riterion for the tensile stress foroated ondutors, without pre-ompression of

σirr,min =500MPa6



A Introdutionin this study. Note that the joints between the ables/strands also have to withstand thesestresses without a signi�ant ritial urrent redution. Hene, tensile stress measurementsof di�erent spliing tehniques have to be performed in future ables as well.The superonduting oil has to handle quenhes (transitions to the normal onduting phase)during operation. Hene, a ertain amount of opper is neessary in order to limit the hotspottemperature to a ritial value (e.g. 150K). If the temperature of the hotspot stays below thisritial temperature, the able should be able to reover without damage. The amount ofopper has to be optimised for di�erent able designs. In the ITER Nb3Sn strands, theopper/superondutor ratio is 1.3 [10℄. In opper-stabilised oated ondutors the ratio op-per/superondutor is typially 40.The prodution osts of (RE)BCO oated ondutors mainly depend on the expensive va-uum deposition tehnique. Therefore, the ost per kAm is high in omparison to Nb3Sn(15 $/kAm). Currently, the prie for a SuperPower tape is about 175 $/kAm. In reent pre-sentations SuperPower In. predited to reah a prie of 30 $/kAm within the next 4 years[11℄. This rather optimisti prie ould be reahed by inreasing the superonduting layerthikness. Other experts suggest a low-end limit of 50 $/kAm, whih annot be further re-dued due to the expensive vauum deposition tehnique. Note, as previously mentioned, theeasier assembly tehnique of HTS ables ould also lower the overall osts.A genuine ost ut ould be expeted with �All hemial deposition tehniques� (ChemialSolution Deposition, CSD). Suh tehniques exist, but do not as yet reah the performaneof vauum deposition tehniques. Nevertheless, onsiderable e�orts are being made (e.g. inthe EUROTAPES-Projet) to improve suh low-ost manufaturing tehniques.A.2 Cuprates and oated ondutorsCoated Condutors, often referred to as seond generation (2G) wires2, are based on(RE)Ba2Cu3O7−δ (REBCO or RE123) uprates. RE denotes rare earth materials, suh as Y,Gd, Sm, et. At the beginning of oated ondutor development, most of the materials usedwere Y-based. Figure A.2 shows the struture of the YBCO ompound. The Cooper-pairs,whih arry the harge, are formed within the opper-oxide (CuO2) planes. Therefore, onean speak of strong superonduting layers with weak superonduting planes in between.In these weak superonduting planes, the order parameter is redued. The layered stru-ture auses strong anisotropy e�ets. Let us onsider an applied �eld parallel to the CuO2planes (a,b-planes), as illustrated in Figure A.3(a). Sine HTS are type II superondutors,2�rst generation (1G) wires refer to BSCCO-2212 (Bi2Sr2Ca1Cu2O8) or BSCCO-2223 (Bi2Sr2Ca2Cu3O10)tapes 7



A Introdution

Figure A.2: Crystal struture of YBCO. The a,b-plane is parallel to the CuO2 planes, whereasthe -axis is perpendiular to the CuO2 planes. [12℄

(a) Intrinsi pinning for H‖a,b. If the ur-rent �ows along the a,b-planes, the Lorentzfore ats perpendiular to them on thevorties. (b) Arti�ial pinning for H‖. TheLorentz fore ats parallel to the a,b-planesfrom left to the right.Figure A.3: Shemati illustration of intrinsi and arti�ial pinning in uprates.
8



A Introdution�ux lines � or vorties � penetrate into the material. The magneti �ux inside eah vortexis exatly the �ux quantum Φ0 = h/(2e). Furthermore, the ore of these �ux lines is in thenormal onduting phase. The vorties are pinned in between the superonduting CuO2layers sine the superondutor 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 fore and the whole e�et is alled intrinsipinning. As long as the Lorentz fore (I × B) is smaller than the pinning fore, urrents an�ow in the superondutor without losses. When the Lorentz fore beomes equivalent to thepinning fore, the ritial urrent Ic is reahed.One an imagine that the situation drastially 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 ritial urrents an �ow. Sientists try to inrease the pinning fore in suhan arrangement by introduing normal onduting impurities � so-alled arti�ial pinningentres (APCs) � with dimensions lose to the superonduting oherene length ξ (a fewnm). Vorties will be pinned by these normal onduting impurities. Figure A.3(b) illustratessuh situations for two di�erent kinds of defets. Neutron irradiation is an e�etive way tointrodue defets, but not appliable for a long-length ondutor prodution. REO2 partilesare often used to reate point defets in MOD(Metal-Organi Deposition) ondutors [13℄.In MOCVD(Metal-Organi Chemial Vapour Deposition) oated ondutors BaZrO3 growsin the form of orrelated nano-olumns during the vapour deposition proess [14℄. Note thatolumnar defets an be oriented in di�erent angles, leading to favourable �eld diretionsbeside H‖a,b at low �elds.Manufaturers try to optimise their tapes not only by introduing di�erent nano-defets,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 arhiteture. However, the manufaturing proess andthe resulting harateristis di�er greatly.In reent years, two main onepts beame suessful and both need to provide a bi-axiallytextured basis for the superondutor epitaxial growth. It is inredibly important that thegrains are well-aligned in the a,b-plane, as a misalignment between the grain boundaries willlead to a signi�ant redution of the ritial urrent [15℄[16℄.One manufaturing proess uses Ni-W alloys as a substrate and textures the substratemehanially by old work. The so alled RABiTSTM (Rolling- Assisted Biaxially-TexturedSubstrates) tehnology, used by AMSC, is a widely used synonym for this proess. The bu�erlayer between substrate and superondutor ats as a di�usion barrier and adjusts the lattieparameters between the layers.The seond route uses metal alloys, suh as Hastelloy R©, or stainless steel, as a substrate.9



A Introdution

Figure A.4: The two main routes for oated ondutor manufaturing.Contrary to the �rst proess, the surfae of the substrate is untextured and therefore the bu�erlayers deposited on the substrate have to be textured to align the superondutor during thegrowth proess. The IBAD (Ion Beamed Assisted Deposition) tehnique is, for instane, amethod to texture the bu�er layer. Figure A.4 shows the two onepts.The typial thikness of the substrate is between 50µm and 100µm, of the bu�er a few100 nm and the superonduting layer is about 1µm thik. The ritial urrent density de-reases in thiker (RE)BCO layers, as Jc drops in the upper regions of the �lm. However, theengineering urrent density JE ould be inreased with thiker superonduting layers evenif the ritial urrent density of the superondutor Jc beomes smaller. Note, that it is ur-rently a major onern of ompany sientists to inrease the superonduting �lm thikness.Lastly, a thin silver layer (≈ 2µm) protets the (RE)BCO-�lm on the top, whih allows abetter urrent and heat distribution and stabilises the superonduting layer hemially andthermally. Most of the manufaturers additionally surround or laminate the ondutor withopper for eletrial stability and better handling.Usually ompanies do not provide their ustomers with detailed information about the su-peronduting layer. In reality, they hange ompositions without hanging the name of theprodut whih makes sienti� work more di�ult. In the ase of the SuperPower samples(see Chapter D) an YBCO layer was antiipated. Di�erent behaviours were found in thesesamples, espeially after irradiation when ompared with older samples. After disussing ourresults with the ompany we �nally reeived details of the the orret omposition, whih wasGdBCO and not YBCO.
10



A Introdution
(a) Single Roebel strand [18℄ (b) Assembled Roebel able [17℄Figure A.5: The Roebel able oneptA.3 Cable onepts(RE)BCO-oated ondutors 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 ondutor 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 ondutor onept (RACC or just Roebel able). The idea of winding Roebelables from oated ondutors was �rst presented by Wilson 1999 and re-established by theKarlsruhe Institute of Tehnology in 2006 [17℄. A Roebel able onsists of single meandershaped Roebel strands punhed out of a oated ondutor. These single strands, one woundtogether produe 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.Muh work has been undertaken with Roebel ables in reent years. The feasibility ofproduing long length Roebel ables has been demonstrated [19℄, a further redution of theAC losses has been obtained by striation of Roebel strands [20℄ and new onepts of windingRoebel ables to Rutherford ables (Roebel-Rutherford able) have been presented [21℄.The able with the highest Ic reahed 2628A (5µV/m riterion) at liquid nitrogen tem-perature in self-�eld. The ritial engineering urrent density of the able was 9.53·107 A/m2.By dereasing the strand width, the homogeneity of the oated ondutor begins to play aruial role. The strand width redution, due to punhing or striation, redues the possibilityof urrents bypassing defets.A further promising abling tehnique 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 ondutors on a �exible round ooper wire (Condutor on Round Core Ca-ble CORCC) [24℄ were reently presented with the round ooper wire ating as a former formehanial stability. A future oil able ould use the spae of the ooper wire as a ool-11



A Introdutioning hannel. A two-phase able with an outer diameter of 10mm reahed 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 redution of Ic, whih demonstrates the strongdurability of this able. Stress and strain dependene are ruial for this kind of able. Forinstane, able wound from an YBCO instead of GdBCO-oated ondutor would lead to ahigher redution of Ic due to a stronger dependene of Ic on ompressive strain [26℄. FigureA.6(a) shows the ross setion of a spiral wound able.

(a) Cross setion of a spiral woundoated ondutor able (b) Current terminationbefore solderingFigure A.6: Images of a four layer CORCC able taken from [24℄.The advantage of suh a able is the good salability, sine there is less degradation of thewhole able Ic ompared to the sum of eah strand Ic. Furthermore, the assembling tehniqueis less omplex than that of a Roebel able. One disadvantage, however, is the alignment ofthe ondutor surfae in the non favourable �eld diretion and, sine the able is arranged inlayers, a omplete transposition of the tapes is not possible. Early in 2012s CORCC ablesbeame ommerially available at Advaned Condutor Tehnologies LLC [27℄.A.4 Neutron irradiationAs previously mentioned, a neutron esapes from the plasma during the DT-fusion reation.Most of its energy is deposited in the blanket (��rst wall�) where the heat is removed bya heat exhanger and used to drive a turbine. Due to the absene of eletri harge, someneutrons will pass the blanket as well as the radiation shield and will therefore reah themagnet oils. From geometri onsiderations, it is obvious that the highest �uene will ourin the entral areas of the inner legs of the TF oils. The neutron spetrum at the oilsloation was alulated for the STARFIRE fusion plant in [2℄ and is shown in �gure A.7. Asone an see, the neutron spetrum of the TRIGA MARK II reator in Vienna is similar to12
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Figure A.7: Neutron spetrum at the magnet loation. The red urve refers to the neutron�ux density distribution alulated for the STARFIRE fusion reator design. Theother urves labeled TRIGA, IPNS and RTNS refer to irradiation failities usedfor irradiation studies of the magnet omponents. Figure taken from [28℄.the fusion spetrum at high energies. Due to the higher �ux density in a �ssion reator bya fator of ≈ 104, the expeted lifetime-�uene an be applied in a rather short time. TheTRIGA reator in Vienna has therefore demonstrated its suitability for simulating neutronradiation e�ets at the magnet loation in a future fusion reator.The damage in the material aused by the neutrons depends on the starting material. Fastneutrons (E>0.1MeV) ause ollision asades by transferring su�ient energy to a primaryknok-on atom, whih generates further ollisions in uprates [29℄[30℄. This leads to loalmelting of the lattie and spherial defets with a diameter of ≈ 6 nm. The size of thesenormal onduting 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 defets are unorrelated andrandomly distributed. Fast-neutron-indued asades have been shown to be responsible for�ux pinning and intrinsi ritial urrent enhanement in (RE)BCO [31℄[29℄.For YBCO, it was shown that thermal and epi-thermal neutrons do not generally lead toextended defets. Epi-thermal neutrons (keV range) may reate point defets or lusters, ifthe reoil energy of the exited atom is only high enough to displae the atom. These pointdefets disturb the regularity of the CuO2 planes, whih redues the ritial temperature andlowers the intrinsi peak. In YBCO, the redution in Tc is rather weak (2K for Φ·t = 1022 m−2[5℄). Thermal neutrons (E < 0.5 eV ) will not a�et the material, as their transferred energydue to ollisions is below the displaement energy of a single atom.Nulei with very high neutron aption ross-setions for thermal and epi-thermal neutronsshould be avoided in oated ondutor materials. Unfortunately, new (RE)BCO oated on-dutors, ontaining gadolinium (GdBCO) and samarium (SmBCO), have very high neutronapture ross-setions. After neutron apture, the exited nuleus emits γ-rays and a reoil13



A Introdutionenergy ats on the nuleus. If this reoil energy is su�iently high, as in the transmuted
156Gd daughter of the 155Gd nuleus (29 eV [31℄), a point defet is reated. Hene, in Gd orSm-ompounds the thermal and epi-thermal part of the TRIGA reator neutron spetrum,whih deviates from the fusion spetrum, ould play a ruial role.In Chapter D, results on irradiated GdBCO and Y-GdBCO tapes from SuperPower in theTRIGA reator are presented. They show a signi�ant performane loss.As already mentioned, the supplier of the samples did not inform us, about hanging theirmanufaturing proess and the substitution of yttrium by gadolinium in their tapes. There-fore, the samples were irradiated with the whole neutron spetrum. However, in future exper-iments thermal and epi-thermal neutrons ould be shielded by a gadolinium-foil around thesample. The energy spetrum of the neutrons would then be loser to a fusion spetrum at themagnet loation. Results of suh irradiation studies will be ompared with the present resultsand would provide important information about the physis of GdBCO oated ondutorsafter neutron irradiation.
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B Coupling losses in di�erent geometriesIn order to understand oupling mehanisms in omplex Roebel ables, single strands oupledin di�erent geometries have been investigated in this work. Simpli�ed analytial and semi-analytial models were developed for low and high AC �elds that desribe and predit thetime and frequeny 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 Hallsans. Both measurements on�rm the model alulations. Furthermore, an algorithm foralulating 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 frequeny dependeny. Di�erent ouplingsituations ause this frequeny dependene and will therefore be disussed with respet to:
• Modelling
• AC Hall san 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 eah other.B.1 SamplesB.1.1 Two strand Roebel loopsThe Roebel loops were assembled from two millimetre single Roebel strands. The originalondutor of the strands is a SuperPower 2G-HTS-SCS12050 YBCO tape. This tape is oatedwith 20µm opper stabilizer on both sides. The detailed arhiteture of this tape an be foundin setion D.1.1 on page 79. The Roebel shape of the strand was manufatured by IndustrialResearh Limited. The proess is desribed 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 resistane of the upperleft onnetion is denoted as R1 whereas the lower right onnetion as R2. ACHall sans were performed along the dashed line in y-diretion.The sample onsists of two single Roebel strands eah with one rossover part, whih wouldgenerate a onduting loop if onneted. The dimensions are ruial for the losses, beausethey are proportional to the area enlosed by the superondutor and therefore proportionalto the indued eletri �eld. The widths of the two single strands were not always equal.Hene, a mean value of w = (w1 + w2)/2 was used for all alulations. Using geometrialapproahes, one �nds:

l = a + 2w (cot α + tan α/2) + b cot α (B.1)for the harateristi sample length, as indiated 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 onneted with soldered opper bridges marked bythe grey shaded area in �gure B.1. The resistane between the single strands R1,2 is about 7µΩin the presene of the opper bridge. Typial dimensions of the opper bridges were 0.1mm
× 2mm × 8mm. The high resistive sample (intermediate length) was soldered without aopper 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 sandwihed between the two strands.Tables B.1, B.2 and B.3 show the details of eah sample.
B.1.2 Striated tapeA further approah for reduing AC losses in Roebel ables was presented by the KarlsruheInstitute of Tehnology in 2010 [20℄. So alled striated Roebel strands were manufaturedby pio-seond infra-red laser sribing of Roebel strands. Figure B.3 shows a typial sample.The Roebel strands were punhed out of a 12mm stabilizer free SuperPower oated ondutor16



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: Geometrial 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: Eletrial haraterisation 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: Indutanes of the oupled samples. Lmeas was measured with a standard RLC-meter before joining the seond bridge. Llf , Lhf and fc,lf were alulated from(B.28), (B.38) and (B.36), respetively.
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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 distane between two �laments was found to be ≈25µm and the redutionof Ic due to the grooving was less than 10% [20℄.Figure C.9 on page 70 shows the separation of the superonduting layer into single �lamentsobtained by the magnetosan tehnique.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 researh stay atIRL (NZ) using a alibration-free eletromagneti tehnique. This alibration-free method formeasuring magneti AC losses was originally developed by �Sou from IEE Bratislava [32℄. Adetailed desription 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 superondutor.The loss measurements always inluded bakground measurements without a sample inthe sample oil. Espeially for the small and unoupled samples, the bakground signal wassometimes of the same order of magnitude or even higher than the signal from the sample.Hene, the bakground signal was measured a few times and a mean value was used.
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B Coupling losses in di�erent geometriesB.2.2 Hall-sans in AC �eldsSet-upHall sans in AC �elds were performed with an AC Hall san set-up, originally developedby E. Pardo, at the Atominstitut in Vienna. Figure B.4 shows a sketh of the set-up. A

Figure B.4: AC Hall san set-upsinusoidal AC signal is generated by a standard wave form generator. The signal ampli�ed byan audio-ampli�er drives a normal onduting rae trak oil with a retangular inner boreof 15× 1 m. The sample is then plaed 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 loal �eld (Bz,signal) perpendiular to the sample.The Hall probe is moved by a stepper motor slightly above (≈ 100µm) the sample. The Hallvoltage is deteted by a lok-in-ampli�er using the wave form generator's TTL output signalas a referene. Fourier omponents up to the 9th harmoni are measured and allow a timedependent resolution of the �eld at eah position. For all AC Hall san measurements in thishapter, the Hall probe was only moved in the y-diretion (see �gure B.4 for the oordinatesystem) above the sample. The spatial resolution was 100µm. The entre of the sample withrespet to the x-axis was positioned below the Hall probe. The e�etive area of the Hall probewas about 100µm.Evaluation of the loal applied �eldIn order to �nd the aurate self-�eld of the sample at the positions of the Hall mapping,it was important to determine the loal applied �eld (µ0H(y, t)), preisely. The generated�eld was therefore measured without a sample at di�erent �elds. The loal �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 loal 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 ahieved by hoosing H0 in a way thatsubtrating it from the measured �eld pattern would give zero at the outer edges. In a seondstep, H0 is varied as long as the net urrent alulated by the inversion of Ampere's lawis zero. Sine no urrent soures exist in the bore of the magnet, this ondition has to beonstantly ful�lled and therefore presents a strong onstraint.Thus, at a ertain time, the loal self-�eld Bz(y, t) is obtained by subtrating the alulatedapplied �eld µ0H(y, t) from the measured �eld Bz,signal(y).An aurate determination of the applied �eld is ruial 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 loal sheet urrent density. For disrete 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 sanning 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 respet to themeasured �eld points. The distane between the highest point of the sample and the sanningplane is z0. Figure B.5 illustrates the geometrial approah.Flm an be easily alulated by numerial methods for this problem. Using a ommon linearequation solver, Im an be alulated within milliseonds on a standard PC. In this work, thestandard linear equation solver (sipy.solve) from the sienti� python pakage [34℄ was used.A orresponding urrent density for eah wire was alulated by dividing the disrete urrent
Im with ∆y and the thikness of the superonduting layer dsc.20



B Coupling losses in di�erent geometries
Figure B.5: Geometrial approah 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 struture is given by:

M1D =

a
ˆ

−a

y J (2D)(y)dy =

m
∑

ym Im (B.6)One the magneti moment per unit length is determined, the loss per yle and unit lengthan be alulated 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 replaed by an integral over the time t. Theapplied �eld at eah position m, as well as the derivative, at a ertain time an be alulatedfrom (B.2), sine m is idential with a ertain y-value.B.3 Calulation of the urrent distribution and the AC ouplinglossesThe magneti losses in a superonduting able onsist of:

Q = Qhyst + Qcoupl + Qeddy (B.8)where Qhyst is the hysteresis loss aording 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 our in all unoupled superondutors due to the intrinsi shielding ur-rents if a �eld is applied. If one onnets superonduting tapes to a loop by resistive on-netions, additional oupling urrents �ow in AC �elds over these onnetions resulting inthe oupling losses. Coated ondutors onsist of many resistive omponents as substrates,silver layers or opper surroundings. In AC �elds, eddy urrents will also be indued in these21



B Coupling losses in di�erent geometriesnon-superonduting materials. The losses orresponding to these urrents are denoted aseddy urrent losses in this work.In this setion, the hysteresis losses will be negleted sine they are well desribed in [35℄and [36℄. Nevertheless, in the following setions the oupling phenomena and their interplaywith the hysteresis phenomena is a major onern. The eddy urrent losses will be negletedsine they are mostly small when ompared with the other losses. Only at high �elds and highfrequenies the eddy urrents inside the opper bridges might disturb the urrents aused bythe hysteresis and oupling e�ets, as reently found in oupled parallel tapes [37℄. However,no in�uene of eddy urrents was found in the samples desribed in this work.In the following text, urrents that ause the hysteresis loss or in other words urrents that�ow in an unoupled situation, are referred to as intrinsi shielding urrents. Furthermore,intrinsi shielding urrents �owing when no �eld is applied are referred to as trapped �uxurrents.B.3.1 GeneralThe indued 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 ondutors, thin �lm behaviour has to beonsidered. Assumptions to desribe this behaviour in our samples will be presented in thefollowing setions. Figure B.6 shows the eletri equivalent iruit diagram for our samples.
Figure B.6: Eletri equivalent iruit diagram for a Roebel loop

Rsc and R respetively denote the resistivity of the superondutor due to the power lawand the resistivity of the ohmi onnetions.Substitution of Rsc by the power law V/Vc = (I/Ic)
n gives for the First Kirhho� 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 ritial voltage orresponding to a 1µV/m riterion, Ic is the ritial urrent,
n the exponent of the power law, L is the indutane of the loop and B is the time dependentloal �eld. The indutane depends on the urrent distribution in the loop and therefore onthe history of the loal magneti �eld, too.For the two regimes (high �eld and low �eld regime) alulated in the following setions wefound that the indutane an be assumed to be onstant. Therefore, the �rst term in (B.10)beomes zero in all our alulations.In order to �nd an equation for the �eld dependene 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 setion B.4.The �eld, where a single strand is fully penetrated, Bp, an be alulated from [38℄ tobe Bp = 1.569µ0 Jc d/2. The alulated 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, beause they are proportional to B4 [35℄,thus only an equation for oupling losses and the indued oupling urrents will be derived inthe following model. However, the intrinsi shielding urrents that ause the hysteresis lossesare onsidered, as they in�uene the oupling urrents and therefore the losses.At low applied �elds, vorties annot penetrate into the superondutor and the applied�eld is perfetly shielded. In unoupled samples or at low frequenies, the urrents �ow asindiated 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 indiatethe 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 setionof 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 foused byabout half the width of eah single strand. Note that this assumption an only be made if thegap is su�iently wide and therefore the loal �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) theunoupled, (b) an intermediate- and () the fully oupled ase. Panel (d) illus-trates the formal approah of desribing (a),(b) and () with two irular �owingurrents.
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Figure B.8: Flux fousing between two oplanar parallel strips in in the unoupled ase.
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B Coupling losses in di�erent geometriesThis so-alled �ux fousing e�et was alulated and disussed in detail for in�nite oplanarparallel bulk pinning free stripes in the Meissner-state [39℄ and for penetrating �elds [40℄[41℄.With inreasing frequeny, the indued voltages and oupling urrents begin to play a role.Hene, urrents �ow over the resistive onnetions in the outer loop (see �gure B.7b), whereasthe inner urrents derease. At the resistive onnetions, the indued voltage leads to theoupling losses. An intermediately oupled situation takes plae. Inreasing the frequenyfurther leads to a �eld-free gap with lokwise �owing urrents shielding the whole superon-dutor. This fully oupled situation is skethed in �gure B.7. Note that the urrent lose tothe gap �ows now in the same diretion as the oupling urrent holding the gap �eld-free.One an formally desribe all three situations using two irular �owing urrents. Theseurrents are denoted as IA and IB in �gure B.7d. The indies A and B denote di�erenturrent distributions with di�erent duties. IA shields the superondutor from the applied�eld, whereas IB generates the �eld inside the gap.Note that IA primarily shields the superondutor and not the gap. Hene, a small amountof �ux ΦA,gap would penetrate through the resistive onnetions and remain in the gap if IBis zero.In order to end up in the unoupled situation, one an say that a urrent IB
uncoupled has togenerate the �ux di�erene between the foused �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 whih arefuntions of the applied �eld Ha, as will be shown later. The net urrent in eah strip �owingthrough the parallel ross-setion, indiated by the dashed line in �gure B.7d, has to be zeroand therefore one �nds in the unoupled ase:
Inet = IA + IB

uncoupled = 0 (B.13)
IA is �owing with the phase π to the applied �eld and shields the superondutor, whereas
IB
uncoupled is in phase with the applied �eld in order to produe the foused �ux.In the fully oupled ase IA is still shielding the whole superondutor and the ouplingurrent has to anel IB

uncoupled (whih 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 onlusion that the distribution of the oupling urrenthas to be the same as the urrent distribution of IB . Therefore, the indutane for low �eldsis given by:

Llf ≈
ΦB,gap

uncoupled

IB
uncoupled

(B.14)
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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 diretlyfrom (B.9) assuming a sinusoidal �eld. The phase ϕ depends on the indutane of the sample,the resistivity of the onnetions and the frequeny of the applied �eld and will be alulatedlater.In the unoupled ase or at very low frequenies the oupling urrent beomes zero and(B.15) redues to (B.13) and the foused �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), anelling IB
uncoupled and adding some additional urrent to hold the gapompletely �eld-free.Sine an analyti examination of the foused �ux Φgap

uncoupled and the indutane problemwould go beyond the sope of this work, a few assumptions had to be made for the applia-tion of existing equations.The foused �ux, urrent density distributions of IA and IB, and the already disussedindutane were alulated 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 drastially for �eldsslightly above Bc1.Similar to the unoupled ase of �gure B.7a, the foused �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 distane 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 harateristi �eld. The net urrent density distribution in the unoupledsituation is zero in eah strip. The urrent density distribution for IA is given by Case A in
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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 alulated with:
IB = 2H0,c

(

b

2
+ w

)K(k′) (B.20)The harateristi �eld H0,c is given in the unoupled 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 seond 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
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] (B.23)
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B Coupling losses in di�erent geometrieswhih simpli�es in the unoupled 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

(
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2

)2

− x2 +

(E(k′)K(k′)
− k2

)(

b

2
+ w

)2
) (B.24)

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

uncoupled (B.19). The alulations 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: Calulated urrent distribution aording 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 frequenies are shown in �gure B.10 using (B.30) for IB
coupling.One again the parameters of the long oupled sample are used.In the unoupled ase in �gure B.10, JB

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

uncoupled. With inreasing frequeny, the ouplingurrent JB
coupling beomes higher until the fully oupled situation is reahed. As alreadydisussed in �gure B.7, small urrents lose to the gap have to �ow in order to shield the gapand therefore prevent any further enhanement of the oupling urrent.28



B Coupling losses in di�erent geometries
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coupling, the maximum of the oupling urrent ours between zero and T/4.This phenomenon is illustrated in �gure B.11 and will be disussed further below.For Roebel loops, one-dimensional onsiderations have to be extended to develop the two-dimensional problem. Imagine a retangular wire loop of length a′ and height b′. Multiplyinga �ux per unit length, whih is alulated for the distane b′ for an in�nitely long loop (denotedwith Φ1D), with a length a′, would lead to a �ux density inside a retangular area of Φrect =

Φ1D a′ = Φ1D a′ b′/b′ = Φ1D Arect/b
′.The �ux alulated in this way would underestimate the generated �ux by negleting thelosing urrents at the ends. Nevertheless, in order to take advantage of a simple solution, thealulated �ux per unit length from (B.16) an be used for the foused �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�etive 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 aurate e�etive area aording to (B.27)is used. 29



B Coupling losses in di�erent geometriesIn order to �nd an equation for the indutane, 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 indutane 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 alulated values of Llf for eahsample. 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 superondutor in (B.10) an be negleted. Using theomplex Fourier desription, 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 indutane), high frequenies 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 frequenies,the phase between indued voltage and urrent shifts towards zero and the applied �eld is inphase with the generated �eld inside the gap, as |Icoupling| beomes 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 harateristi 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 ritial frequeny
fc =

1

2π

R

L
(B.36)Sine the area Alf is squared in (B.34), the dimensions of the gap and espeially the widthof the tape are ruial for the oupling loss.Figure B.11 shows the time dependent results of (B.11), (B.29), (B.30) and (B.32) fordi�erent frequenies during one time period for the oupled long sample.
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B Coupling losses in di�erent geometries
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With inreasing frequeny the indued voltage in �gure B.11 inreases aording 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 yle Q at the ritial frequeny. The frequeny 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 ritial frequeny) than at higher frequenies. Withinreasing frequeny, the losses beome reative losses, as indiated by the negative valuesof the losses. Hene the integral over time and therefore Q beome inreasingly smaller athigher frequenies. In other words, at low frequenies the loss is determined by the absolutevalue of the oupling urrent (whih is low for low frequenies) and at high frequenies theloss is determined by the phase shift of 90o, resulting in high reative losses and relativelysmall ohmi losses. In between, at the ritial frequeny (at ϕ =45o) the ohmi losses havetheir maximum.Figure B.12 shows alulations for the intermediately long high resistive sample. Due tothe higher ritial frequeny of 502Hz, the phase shifts only by up to about 45o at 535Hz.Note that the time dependent loss per yle P (t) ·T = P (t)/f is illustrated in �gure B.11 and�gure B.12 for a better omparison of the di�erent frequenies.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 muh smaller than the applied �eld.32



B Coupling losses in di�erent geometriesIn the unoupled or DC �eld-ase, urrents �ow with Ic(B) similar to �gure B.7a reduingthe �eld inside the strands. A hanging �eld indues an eletri �eld in the whole superon-dutor. In the oupled ase, the eletri �eld reverses the intrinsi inner shielding urrents ifthe oupling urrent is Ihf
coupling > Ic(B). Thus, the shielding urrent (Ihf

coupling) �ows iru-larly around the whole sample trying to shield the entire geometry. Therefore, the intrinsishielding urrents an be negleted in all further onsiderations and the shielding generatedby the oupling urrent is onsidered in the following. Similar to the low �eld regime, theindutanes of the Roebel loops are one again alulated 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-setion. The�eld distribution Bz,Brandt aused by a transport ritial 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 ondutors. Integration over the inner �eld leads to the �uxper unit length between the two strands. One �nds after elementary alulations:

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 isalulated 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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hf ), determines the indutane. 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 indutane:
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 eletri �eld, but the spatialurrent distribution is given by the Ic-urrent distribution, as disussed previously. Hene

Icoupling is used instead of Ic in (B.37) leading to (B.38). The eletri �eld is lowest atthe inner edge of the loop and inreases with the area of the enlosed magneti �eld to itsmaximum at the outer edge. In the following, we assume that Ihf
coupling > Ic(B) is reahed 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 thesuperondutor. In order to alulate the loss, the indued voltage Vind has to be alulatedusing Faraday's law (B.9). The indued 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 indiated 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 indued voltage an be written as:

V hf
ind = −Ḃ ·

(

Ainside +
Aoutside − Ainside

2

)

= Ḃ · Ahf (B.41)where again an e�etive area is introdued:
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 indued voltage V hf
ind from (B.41) is used as V in (B.10). Thus, the di�erential equationfor I an be solved numerially by the Euler formalism for several time periods and thereforethe oupling urrent Ihf

coupling(t) = I(t) is found.The loss an be alulated 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 alulated properties at di�erent applied �elds. The dimensions of thelong oupled sample were taken for these alulations.The �eld dependenes of Ic and the n− value are ruial in these alulations. Both valueswere alulated with (B.49) and (B.50) from experimental single strand data.

Ic and the n− value reah their maximum values in the absene of an applied �eld at t = 0and t = T/2.At t=0, the indued voltage and Ic(B) have a maximum. Therefore, the oupling urrenthas a maximum and due to the high indued voltage, the oupling urrent is signi�antlylarger than the self-�eld Ic(0). With inreasing �eld (0 to T/4) the ritial urrent of thestrand and the indued voltage derease. At T/4, the oupling urrent is redued omparedto Ic(0) by approximately the same amount as it was enhaned ompared to Ic(0) at t=0.At t=0 the indued voltage dominates the oupling urrent (enhanement ompared to Ic(0))whereas lose to T/4, the �eld dependene of Ic dominates (redution ompared to Ic(0)).Both e�ets lead to a slightly hanging oupling urrent (between 0 and T/4) with a meanvalue, whih 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 desribe the entire physis. 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 beomes shorter. Note that the phase between oupling urrentand indued voltage shifts towards zero with higher �elds due to the inreasing resistivity ofthe superondutor ompared to the onstant indutane.Due to the nearly onstant oupling urrent, the magnitude of the loss mainly depends onthe indued voltage. Note that the loss has distint maxima at 0 and T/2.Finally the loss per unit length an be alulated 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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B Coupling losses in di�erent geometries
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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 thikness of the super-onduting 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 frequeny dependene disappears in (B.45). Asdisussed previously, (B.45) is a good assumption in our samples, as the oupling urrentvaries nearly symmetrially 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) beomes:

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

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

(2D)
c /π. The disrepanywith (B.46) vanishes for �elds H0 ≫ Hp ≫ Hc, whih was assumed in our high �eld model.Due to the w2 dependene in (B.47), the hysteresis losses are two times higher if two tapes ofthe width w were onneted to one tape of the width 2·w with superonduting joints. This�superonduting oupling� is often referred to as single blok limit and desribes 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 ofeah 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 redution 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�et should be mentioned. The dominant and inreasing resistivity of thesuperondutor in high �elds ompared to more or less onstant indutane Lhf leads to a37



B Coupling losses in di�erent geometriesphase shift and a orresponding shift of the ritial frequeny fc of the loop to higher values.The phase shift was also alulated numerially and an be found in measurements of thelong oupled sample in the following setion. Note that the existene of a ritial frequenysimilar to the low �eld ase with a dereasing loss above this frequeny was not measured inthis work and is not expeted at high �elds. In the numerial alulation, a derease of losswas only found for very high frequenies (MHz) where the model is no longer valid.The high �eld method developed an also be used to alulate the losses of AC ripples athigh DC �elds. Figure B.16 shows the result of di�erent AC �elds in a 1T bakground �eld.At 1T, Ic and n − value respetively hange more or less sinusoidal around 7.25A and 11.2,due to the DC bakground �eld. Hene, the ritial urrent is more or less onstant. Theoupling urrent appears retangular, as expeted from a �eld independent ritial 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 indued voltage. The loss follows the absolute valueof the indued voltage sine there exists nearly no phase shift between indued voltage andurrent. The losses are muh smaller with an applied DC �eld, due to the smaller ouplingurrent (smaller Ic), whereas the indued voltage remains the same.One has to be aware that at high �elds and frequenies the surrounding opper ats as aparallel loop and has to be onsidered. At 1T DC, 200mT AC and 22Hz, the resistivity ofthe superondutor using the power law would be two orders of magnitude lower than that ofthe opper surrounding for the long oupled sample. Hene one an neglet the eddy urrentsin the opper. At a higher frequeny of 535Hz, the resistivity of the superondutor is alreadyhalf that of the surrounding opper and therefore urrents (whih are not onsidered in thesealulations) will �ow parallel to the superondutor in the samples. Furthermore, induededdy urrents in the opper bridges will disturb the urrent �ow of the oupling urrents,leading to an �enhanement� of the bridge resistivity. This e�et was found for two 90mmlong parallel tapes onneted with 5mm x 5mm opper bridges in [37℄.B.4 Single Roebel strand haraterisationThe transport properties of a single Roebel strand are shown in �gure B.17. A 26mm longpiee was ut out of the insulated long sample. Sine our model does not onsider the parallelopper loops, whih beome 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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B Coupling losses in di�erent geometries
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B Coupling losses in di�erent geometries
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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 sanning 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 sanning measurements. Line sans perpendiular to the tape diretion (y-diretion) wereperformed at the entre of eah sample, as indiated by the dashed line in �gure B.1 on page16. Three di�erent AC �elds (µ0Hmax=2mT, 26mT and 50mT) were applied during thesans. The �eld of 2mT was hosen to investigate low �eld e�ets. 26mT orresponds tothe penetration �eld observed in the AC loss measurements in setion B.6 and the highestpossible �eld within the frequeny range of our set-up was 50mT.The applied �eld was sinusoidal, hene the maximum �eld ourred at T/4 and beomingzero again at T/2. Only the �rst half of the time period (0-T/2) is displayed in the following
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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, respetively. Sine the samplesdo not have a perfet two-dimensional struture, the distane between Hall probe and strandwas not always the same for eah strip. Nevertheless, a onstant distane was assumed for theinversion of the �eld of the long sample. For the intermediately long high resistive sample,an angle of 1o aording to �gure B.5 was assumed. At the two higher �elds, the in�uene ofa small defet 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 superonduting strips.AC sans at 2mT (low �eld regime)In order to show three di�erent oupling situations, the long oupled sample with a alulatedritial frequeny of about 95Hz was hosen for the low �eld limit.
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B Coupling losses in di�erent geometriesWeak ouplingFigure B.18 shows the (nearly) unoupled limit at the lowest measured frequeny of f=4.5Hz.At the beginning (t = 0), trapped �elds and the orresponding urrents are seen very learlyat the edges of the superonduting 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 lowfrequeny. Nevertheless, the �eld inside the gap is slightly enlarged at zero �eld, hene avery small oupling urrent �ows. With inreasing �eld, the shielding urrents IA and the180o shifted IB
uncoupled inrease, whereas the oupling urrent stays small. Therefore, theoupling urrent an always be negleted. In other words, the intrinsi shielding urrents1�ow in losed loops at all times in eah strip of this sample.At the maximum �eld of 2mT (t =T/4), the �ux is foused in the gap and therefore the�eld inside the gap is higher than the applied �eld. With dereasing �eld, the �eld insidethe gap follows the applied �eld in phase, indiating that the oupling urrent is too small toprodue 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�uene 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�ueneof the trapped �ux urrents2 results in a loal urrent density maximum (y ≈ −2.2mm) inthe left strip and a loal urrent density minimum (y ≈ 2.5mm) in the right strip. Thesmall oupling urrent (see. �gure B.11: 535Hz) prevents an oppositely �owing trapped �uxurrent, as in the weak oupled situation. At the inner edges, the oupling urrent and theorresponding �eld dominate, as the urrent distribution of the oupling urrent IB

coupling hasa maximum at the inner edge. Although the oupling urrent beomes nearly zero lose to 0and T/2 (see �gure B.11: 535Hz), its in�uene is still visible. Due to the remaining non-zero�eld inside the gap, one onludes that the phase ϕ between indued voltage and urrent hasnot reahed the fully oupled regime (ϕ = 90o). From (B.25) one �nds ϕ=80o (aording toa phase shift of -10o to IA or the applied �eld). Therefore, the indued �eld �shields� thegap before the �eld is applied. In other words, IB
coupling �ows slightly ahead of the intrinsishielding urrent IA. Nevertheless, the situation is very lose to a fully oupled senario,where the oupling urrent always anels IB

uncoupled and, is therefore, in phase with IA. Withinreasing �eld (0 to T/4), the oupling urrent inreases and anels 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 setion B.3 as the urrents shielding eahstrip in the unoupled ase and ausing the hysteresis losses.2The trapped �ux urrents were de�ned at the beginning of setion B.3 as the intrinsi shielding urrents at

t=0 or t=T/2 (if no �eld is applied). 42



B Coupling losses in di�erent geometries
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B Coupling losses in di�erent geometriesdistribution shielding the whole superondutor. Most of the �ux is expelled from the gapand the superondutor, resulting in enhaned loal �elds at the outer edges.At the maximum applied �eld (T/2), the urrent distributions are similar to the alulateddistributions for the fully oupled ase in �gure B.10. Due to the slight phase shift, theurrent density at the inner edges, where the oupling urrents have a loal maximum, alreadydereases between 3T/16 and T/4. With dereasing �elds (T/4 to T/2), the in�uene 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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B Coupling losses in di�erent geometriesFrom �gure B.11, one dedues that the oupling urrent has a maximum at t ≈T/8 andbeomes zero at t ≈3T/8 (orresponding to ϕ ≈ 45o at the ritial frequeny). At t = 0, the�eld is generated mainly by the oupling urrent. Sine 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 fat justi�es the approximation of setion B.3.2 to alulate the indutanewith the urrent distribution found by Brojeny et al. [39℄.With inreasing �eld, the (absolute) oupling urrent inreases more strongly than theintrinsi shielding urrents, reahing its maximum at T/8 (see �gure B.11: 89Hz). Hene,a �fully oupled� situation ours at T/8. Inreasing the �eld further allows the intrinsishielding urrents to inrease and the (absolute) oupling urrent dereases. At T/4, whenthe maximum �eld is applied, a mixed situation arises.With dereasing �eld, the shielding urrents as well as the absolute oupling urrent de-rease. Sine the shielding urrents derease more slowly than the (absolute) oupling urrent,the foused �ux inside the gap inreases further. Close to 3T/8, the oupling urrent beomeszero and therefore an �unoupled� situation is found. By dereasing the �eld further, theoupling urrent inreases, 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 thisfrequeny.Suh �unoupled� and �fully oupled� snap-shots within a time period are observed forevery frequeny but at di�erent times. The �fully oupled� situation ours at t = ϕ/360·Twhen the oupling urrent reahes its maximum and the �unoupled� situation ours at
t = ϕ/360·T+T/4. For ϕ ≈ 0o or ϕ ≈ 90o, the unoupled or the fully oupled situation,respetively, dominate over the whole time period, as disussed previously.AC sans at 26mT (penetration �eld regime)From the AC loss measurements, a peak in the Γ-plots was found around 26mT (see setionB.6) for all samples. At this peak, the �eld should be able to penetrate the whole sample,leading to the highest loss fator Γ. The low �eld assumptions are not valid, as the intrinsishielding 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 unoupled ase, the data obtained from the intermediately long45



B Coupling losses in di�erent geometries
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Figure B.21: Intermediate �eld behaviour of the intermediately long high resistive sample at22Hz.
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B Coupling losses in di�erent geometrieshigh resistive sample at 22Hz is disussed. Note that the left strip of the sample was slightlybelow the right one and therefore an angle of 1o aording to �gure B.5 was assumed. FigureB.21 shows the nearly unoupled situation.At t=0, the remanent �eld of unoupled strips is trapped in eah strand. The minimumof eah �eld pro�le is a result of inomplete �ux penetration. The �eld at the entre of eahstrip 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 eah strip at t=0 (see Jx ofthe right tape).The shielding urrents inrease further with inreasing �eld, reversing the trapped �uxurrents at the entre. For �elds above 20mT (t>T/8), the �eld dependene of Ic is alreadyimportant. The gradient of the �eld beomes smaller and indiates that the urrent densitydereases. The urrent maximum moves towards the entre of the strip. Due to the �elddependene of Ic, the superondutor is unable to shield as muh �ux at T/4 as at T/16inside eah superonduting strip. Note that the gradients of the urrents derease at theinner and outer edges of the superonduting strips up to T/4.The urrents at the edges reverse at dereasing �eld, reduing the net urrent and generatingtwo �eld domes in eah strip. This e�et is observed from 3T/8 to T/2, but should havealready started one the maximum �eld had been reahed at T/4. The minimum �eld insidethe superondutor at 3T/8 is about twie the minimum at T/8. The shielding apabilityis redued by about a fator of two due to the trapped �ux behaviour (i.e. the bakwards�owing urrents at the outer edges of eah strip). At 7T/16 the oppositely �owing urrentsan be seen learly.
Strong ouplingFigure B.22 shows the loal �elds and urrents of the long oupled sample at 353Hz.At t=0, the urrent �owing inside the strips has a �at loal maximum at the outer edges andwould be able to shield almost the entire sample if a positive �eld were applied. Note that thisurrent distribution is ompletely di�erent from the urrent distribution at low frequeniesfor the oupled sample. The trapped �ux urrents, as previously shown, are muh strongerand in�uene 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, theoupling urrent reverses the oppositely �owing trapped �ux urrents at the inner edges andtherefore the urrents �ow only in one diretion in eah 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 inrease trying to shield the entire sample. After T/8, Ic dereasesbeause of the magneti �eld, but on the other hand the oupling urrent is still inreasing.This is indiated by the slight inrease of the maxima at the inner edges of the urrentdistribution. In the weakly oupled ase, they are already redued at this time. Note thatthe maximum of the urrent distribution shifts towards the entre due to these e�ets. After3T/16, the oupling urrent reahes its maximum and the �eld dependene wins, resulting ina redution of the urrent maximum at T/4.With dereasing �eld, the urrents should hange their diretion at the inner and outeredges. This e�et was learly seen at lower frequenies (not depited) if the oupling urrentswere already lower. At 353Hz, the bakwards �owing urrents are only observed at the outeredges. If a transport urrent �ows in one diretion similar to the urrent distribution at T/4,a redution of the net urrent would take plae by symmetri reverse �owing urrents. As thebakwards �owing urrents are only visible at the outer edges at 353Hz, one an onlude thatthe oupling urrents lose to the inner edge are still higher than the bakwards �owing intrin-si shielding urrents. At 7T/16, the urrents have already hanged their sign, anelling thepreviously �owing urrents and one more the urrent �ows only in one diretion in eah strip.During the seond quarter of the time period (T/4 to T/2), the shielding apability in theunoupled and the oupled ase is strongly redued due to the bakwards �owing intrinsishielding urrents.AC sans 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, eah strip has a �eld dome generated by trapped �ux urrents (�gure B.23). Sine themaximum applied �eld was about twie the penetration �eld, no minimum appears this timeat the entre of eah strip. Between t = 0 and t=T/16, the intrinsi shielding urrents slightlyinrease, indiating that the maximum applied �eld was slightly below twie the penetration�eld (2Bp=52mT from the Γ-plots). The maximum shielding is reahed somewhere aroundT/16. For higher �elds, the �eld dependene of Ic and the n − value redue the urrents ineah strip. Similar to the intermediate �eld ase (26mT), the gradient of the urrent dereasesfrom the inner and outer edges of the superonduting 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 muh smaller than at 26mT. Therefore, the bakwards �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 bakwards �owing urrents are generating two small �eld domesinside eah superondutor. After 3T/8, Ic reahes higher values and the bakwards �owingurrents start to dominate and shield the superonduting strips. At T/2, only two oppositely�owing urrents �ow in eah strip, leading to a maximum trapped �ux in the superondutorat 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 (whih generate thein phase �eld inside the gap in the unoupled ase). Thus, the resulting urrent �ows only inone diretion in eah strip. Until T/16 the urrent inreases and shields the whole sample.After T/16 the magneti �eld dependene of Ic beomes important. Hene, the maximum ofthe urrent dereases and shifts towards the gap.51



B Coupling losses in di�erent geometriesAfter T/4 the bakwards �owing urrents beome visible at 5T/16. Compared with theweakly oupled ase at 3T/8, one an see that the oupling urrent has already hanged thediretion indiated by a phase ϕ < 45o. Furthermore, the oupling urrent is strong enoughto drive the urrents in one diretion 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 redued in the seondquarter of the time period. The e�et is stronger at higher �elds.Frequeny dependeneIn order to evaluate the frequeny dependene 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 indued voltage has a maximum and the trapped �uxurrents, whih are largely independent of frequeny, generate the same �eld at all frequenies.The frequeny dependent oupling urrents on the other hand will ause a di�erene in thefrequeny dependent �eld and urrent distributions. The higher the �ux inside the gap (andtherefore the oupling urrent), the higher the loss will be. This predition will beomeinaurate, when the oupling urrent does not behave sinusoidally, as at su�iently high�elds.The frequeny 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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B Coupling losses in di�erent geometriesThe frequeny dependene 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 ritial frequenyis shifted to higher frequenies due to the additional resistivity of the superondutor (theoupling urrents are already higher than Ic).In reality, the situation is muh more ompliated, due to the previously mentioned �elddependene of Ic and the n − value in (B.10) at higher �elds. Nevertheless, looking at theoupling urrent at higher �elds, one also observes a frequeny dependent phase shift and afrequeny dependent loss. Handling this frequeny dependene with a ritial frequeny (ortime onstant) is therefore pratial, but one must be aware that the simpli�ed piture fromthe low �eld regime is no longer valid. Note that this point has already been disussed withinthe high �eld model alulations.Within the �eld range of the AC Hall sans, we were unable to entirely enter the previouslydisussed high �eld regime. Nevertheless, the dereasing frequeny sensitivity shown in �gureB.25(b) and the approximately retangular urrent distribution at high �elds (see �gure B.24)indiate that suh a regime exists.In setion B.6, the term �ritial frequeny� is used to explain frequeny dependent losseseven at higher �elds, knowing that this will not desribe all mehanisms.B.5.2 Striated single Roebel strandMagnetosan measurements performed on the striated tape (see setion C.9 on page 70) andTEM images [20℄ show a good separation between the �laments of the striated single Roebelstrand. Hene, no frequeny dependent hanges of the loal �eld and urrents are expeted.Figure B.26 shows the results of the sanning measurements at t=T/2. At �rst glane, the
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B Coupling losses in di�erent geometriesurrents of eah �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 lowurrents (100mA) were performed between eah �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. Hene, oupling through the substrate, as illustrated in �gure B.27, issuggested.
Figure B.27: Eletri equivalent of the striated tape.The outer �laments were found to be onneted 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 setion, the frequeny dependent losses at the di�erent oupled Roebel loops aredisussed. Insulated and oupled samples of the same geometry are ompared in order toinvestigate the in�uene of the oupling. In order to ompare the loss for di�erent sizes, theloss per unit length and yle Q as de�ned in (B.33) was evaluated. In the following, Q willbe denoted as the loss. The harateristi length l, as shown in �gure B.1, was used as thelength of the samples. Furthermore, the loss fator Γ = Q/B2, gives a more intuitive pitureof the oupling mehanisms.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�uene ofthe transverse part if one divides it by the length l. A slight inrease of the hysteresis losswith frequeny for all unoupled samples was observed. This e�et is desribed 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 theoupling losses in our samples at very low �elds (1-2mT). The di�erent loss mehanisms arelearly seen in the Γ-plots where the loss is normalised by the squared �eld. As expeted [35℄,54



B Coupling losses in di�erent geometriesthe hysteresis losses inrease with B4 below the penetration �eld Bp, whereas the ouplinglosses inrease only proportional to B2 (see (B.34)). Therefore, the loss fator Γ of the oupledsample remains onstant (Γ = Q/B2) until the hysteresis losses (indiated by the data of theinsulated samples) reahes 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 unoupled samples. For higher �elds, the hysteresis loss beomes proportional to B asexpeted from [35℄. The oupling losses also beome nearly proportional to B as expetedfrom (B.44). The applied AC �eld was sinusoidal an B0 referes to the amplitude of the applied�eld in this setion.Eah sample will be disussed in detail below.B.6.1 Short sampleFigure B.28 shows the frequeny dependene at 2mT. The ritial frequeny (fc) at low �eldsis 334Hz (f. (B.36)). Sine the ritial frequeny is higher than the maximum measuredfrequeny, the loss inreases with frequeny. The solid line in �gure B.28 represents the lossalulated from (B.34).
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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 inreases with fre-
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Ic(B).Figure B.36 shows the time dependene of the loss evaluated from the AC Hall sans. Contraryto the alulated oupling losses for low �elds in �gure B.11, the AC Hall san measurementsrepresent the entire losses (oupling and hysteresis losses). Nevertheless, as the hystere-sis losses are at least by one order of magnitude smaller at frequenies between 20Hz and550Hz (see �gure B.33(a)), the measurements for µ0H0=2mT represent espeially the ou-pling losses. One also �nds lose agreement between the time dependent measurements andthe alulations (see �gure B.11). The magnitude is only higher at 4.5Hz. On the other hand,60



B Coupling losses in di�erent geometries
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Figure B.36: Time dependent power of the long oupled sample obtained from AC Hall sans.
µ0H0=2mT (top) and µ0H0=50mT (bottom).the integral over the time period and therefore the loss Q is in very lose agreement withthe alulation, as shown in �gure B.33(a). With inreasing frequeny, the reative loss alsoinreases, as indiated by the negative values. At 535Hz, the reative loss dominates.At high �elds the power law of the superondutor already plays a dominant role in themeasured frequeny 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 frequenies.B.7 Prospets for oupled Roebel ables and onlusionThe problems disussed in this hapter will not our �one to one� in an assembled Roebel a-ble. Nevertheless, they help to explain able oupling mehanisms. The following setion willdesribe the oupling losses in an assembled able based on our knowledge from the previoussetions. 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 pith are identi�ed by two Roebel loops. Due to the twistedstruture 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. Hene, no net oupling urrents �ow over the entire length of the able.Using a third strand (�gure B.37(b)) does not hange muh. Strand 2 (green) and strand3 (blue) are able to form oupled loops as well as strand 1 (red) and strand 2 (green). Sinestrand 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 indiates urrents�owing not on the top strand. The olour ode of the urrents denotes the strandin whih the urrent is �owing. (red) strand 1, (green) strand 2, (blue) strand3, (brown) strand 4, (violet) strand 5urrent from left to the right is zero. In low �elds, the strands without loal 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�ueneof suh setions is expeted. Nevertheless, the in�uene of the small intrinsi urrents shouldbe small when ompared with the oupling urrents at low �elds. Hene, the loss is aboutfour times the loss of the single loops in one twist pith.At high �elds, where full penetration of the �eld is expeted, the losed loops dominate andtherefore the loss per twist pith should be dedued again from the four single oupled loops.The situation hanges drastially if a fourth and a �fth strand are assembled. Here, thetransverse parts are below the gap enlosed 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 interat with the �ux fousing e�et. If the �eld is lowompared to the penetration �eld, the �ux might be expelled from the gap, if the transversepart overs the whole area. Hene, no oupling urrents an be indued and therefore nooupling losses will our.The situation is di�erent if the transverse part does not entirely �ll the spae 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 frequenydependent loss ours. Furthermore, due to the ombination of di�erent loops whih 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�et. As two urrent loopsshield the same area, they have to interat somehow. In the �ve strand Roebel able, thereare always top loops and bottom loops, as indiated 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 muh higher �elds at lower temperatures. At 4.2K the ritial urrent densityof a oated ondutor is about 2·1011 Am−2. Hene, 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 �owingoupling urrents in a single strand.In the low �eld regime, the width of the tapes play a ruial role, sine the e�etive 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 alulations in (B.44) (Ahf w).The use of small �laments and the redution of the gap width and length should dereasethe oupling losses in the Roebel able. These onditions are in good agreement with themethods used in the CICC ables to redue the AC losses. However, in thin �lm loops theloal �eld at the inner edge will be signi�antly enhaned due to the �ux fousing e�et in anarrow gap. Therefore, the �eld penetrates from the inner edges and a kind of e�etive gapwidth will our. This gap width depends mainly on the applied �eld and Ic of the strands.In other words, the redution of the geometrial gap width, is limited by this e�etive 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 tehniques as well as defets in the under-lying oated ondutor material in�uene the quality of the Roebel strands.Two di�erent tehniques were used to haraterise the homogeneity of the samples: theontat free magnetosan tehnique [43℄ and a method to measure the loal self-�eld of thetape under urrent �ow. With an inversion algorithm [44℄, the loal urrent �ow was visualised.From the latter method, the �eld and urrent penetration in single Roebel strands ould beevaluated and will be disussed in setions 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 Tehnology (KIT). One of these tapes was striatedand already disussed in the previous hapter. A detailed desription of the striated tape anbe found in setion B.1.2 and in [20℄. Both KIT strands were punhed from SuperPower2G-HTS-SP12050 YBCO oated ondutors. This tape does not have a opper stabiliseron the silver layer. Due to the absene 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 ritial urrent of 134.1A. The n− value was31 and the distane between the voltage ontats was 110mm. The width of the tape variesfrom 5.35mm to 5.5mm between the voltage ontats.The 2mm wide sample, provided by Industrial Researh 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 ondutor. This tape is oated with a 20µm opper stabiliseron both sides. The able manufaturing proess is desribed elsewhere [19℄. The end-to-end ritial 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 distanebetween the outer voltage ontats was 72mm. The distanes of the voltage ontats on therossover part, the left straight and the right straight part were 4.2mm, 4.0mm and 4.6mm,respetively. 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 Magnetosan measurementsWith the magnetosan tehnique developed at the Atominstitut [43℄, a very fast and aurateharaterisation of long-length oated ondutors is possible. Figure C.2 shows a shematiview of the set-up. The whole part is immersed in liquid nitrogen and has therefore a temper-

Figure C.2: Sketh of the magnetosan set-up taken from [45℄ature of 77K. A ylindrial magnet with a height and diameter of 5mm is mounted 7.5mmabove a oated ondutor orresponding to an applied �eld of about 50mT at the samplesurfae (yellow ylinder in �gure C.2). A Hall probe is assembled in a stainless steel sa�oldbelow the magnet ≈0.2mm above the sample. The Hall probe measures the loal magneti�eld in z-diretion aused by the indued super-urrents and the applied �eld. As shown in[45℄, the deteted loal �eld Bz(x, y) is losely related to the loal ritial urrent density
Jxy(x, y) and therefore provides evidene for the loal quality of the oated ondutor. San-ning the whole sample in x- and y-diretions at a �xed z-position gives a desriptive pitureof the homogeneity of the tape. The spatial resolution of the Hall map is typially 0.2mmin x- and y-diretions. Figure C.3 shows the whole set-up with further details. The Hallprobe is fed by a standard urrent soure 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: Sanning 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 magnetosan and Hallsan measurements under urrent �ow, (E) measuring equipment and PC.C.2.2 Hall-san measurements under urrent �owFigure C.4 shows the self-�eld san set-up and the oordinate system used.

Figure C.4: Set-up for measuring the self-�eld of a oated ondutor and oordinate system.The single strand was �xed on the left and right side with the urrent onnetorsas well as with Kapton tape. The left urrent onnetor an move in x-diretionto provide stress free ooling. After ool down, the onnetor was �xed by twosrews.The Hall-san set-up is similar to the magnetosan set-up without a permanent magnet.The Hall-sensor again detets the �eld omponent perpendiular to the sample surfae (Bz).In order to measure the self-�eld of oated ondutors under urrent �ow, the ondutor isonneted to ables of a 300A urrent soure via pressed indium ontats. Voltage ontats66



C Homogeneity of Roebel single strandswere made with silver paste. The PC shuts down the urrent soure, when the detetedvoltage on the sample exeeds a ritial value. Critial transport urrents were also measuredwith these voltage ontats. 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 inontat with the Kapton tape. Hene, the distane between Hall-sensor and superondutorwas onstant at about 150µm. The 2mm sample was sanned with the Hall-probe holder atabout 50 to 80µm above the ondutor.The alulations of the loal 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 san area and does not allow urrent sinks or soures at the boundaries.The urrents �owing into and out of the san area lead to artefats, 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 deay towards the entre of the matrix. Nevertheless,this problem will have to be solved in the future.C.3 Results and disussionUnlike a few years ago, state-of-the-art long-length oated ondutors show very smooth mag-netosan images in aordane with homogeneous ondutors. Therefore, the homogeneity ofpristine oated ondutors will not be disussed in this hapter. Nevertheless, a magnetosanimage 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 punhing proesses or mehanial treatment during the fabriation of Roebel strands,the superonduting layer an be loally destroyed. Loal inhomogeneities were deteted byshort-length four-point measurements, magnetosans and Hall sans under urrent �ow. Asthe last method gives additional information about the physis in the Roebel strand, it isdisussed 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 theharaterisation. The width of the ondutor 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 geometrial ross-setions (di�erent widths), one expets that the ritial
67



C Homogeneity of Roebel single strands
Figure C.5: Variation of the width of the single strandurrent in the left parallel setion should be signi�antly lower than that of the right parallelsetion of the single strand. This was on�rmed by the magnetosan and the transportmeasurements. The magnetosan images (�gure C.6 and C.7(a)a) indiate the lower Ic bythe lower �eld signal on the left side.

Figure C.6: Magnetosan of the entire sampleThe results of the ritial urrents obtained by transport measurements in the regions B andC show a degradation of Ic by 15%, whereas the ritial urrent density remains unhanged(see also �gure C.8). On the left and the right side of the geometrial redution, the tape lookshomogeneous, as shown in �gure C.7(a). No larger defets were loated in this region. Theurrent alulations from the Hall-san (�gure C.15(b)) show the bottlenek in the parallelsetion in more detail. The urrent density is signi�antly larger on the left side, due to theredution of the geometrial ross setion.Comparisons between the magnetosan pro�les of the left transverse and the parallel setion(�gure C.7(b)) indiate a defet in the left orner. The loal urrent alulations from theself-�eld on�rm the magnetosan measurements (�gure C.15(a)). Furthermore, they showthat the defet is loated at the upper edge of the left orner. The urrent has to bypassthe defet on the lower side and therefore the urrent density inreases lose to the outer leftorner of the tape. This defet is also the limit for the overall ritial urrent.68



C Homogeneity of Roebel single strands

(a) parallel setion (b) left transverse setionFigure C.7: Magnetosan of the IRL 2mm tapeMagnetosan and loal urrent alulations indiate that the ritial urrent or the urrentdensity do not depend on the diretion. Four-point measurements in region A and B on�rmthese results.The overall ritial urrent was found to be 35.9A. This is equivalent to 82% of the maxi-mum ritial urrent in region C (43.7A).Geometrial e�ets based on the manufaturing proess are the major reason for the hangeof the ritial urrent along the length of the sample. The di�erene in the ross-setion leadsto a degradation of the ritial urrent by 15%, while the defet at the inner-left ornerin�uenes 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 setion was notobserved. Striation of this partiular strand would lead to a further derease of Ic. Theurrents would not be able to bypass the defets within the superondutor, espeially in thetransverse setion. Striation requires an overall improvement of the homogeneity. In thispartiular strand, the defets are more pronouned in the transverse setion.KIT - striated 5.5mm strandMagnetosan images of the striated Roebel strand show a lear separation of the superon-duting layers between eah �lament. Nevertheless, an defet in the pristine tape seems to beresponsible for a redution of the loal Jc at x =40mm and y =3mm in �gure C.9. Currentsare unable to �ow around this defet, due to the striation. Hene, this loal inhomogeneity isa weak spot in the strand.
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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 sanned 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 soure.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 vertial 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 inreasing urrent from the edges to the middle of the sample.Note that the �eld in y - diretion |By| is not deteted in our measurements. With dereasingurrent, the �eld hanges at the edges, whereas the pinned �eld in the entre remains onstant.This behaviour is well desribed by the ritial state theory for thin �lms [35℄[46℄. The same71
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C Homogeneity of Roebel single strands

(a) 30A
(b) 120A

() 0A (remanent)Figure C.12: Current penetration into the two dimensional struture at di�erent applied trans-port urrents. The plots show the absolute loal urrent density. The whitearrows in panel (a) are parallel to the diretion of the urrent lose to the edges,whereas the blak arrows show the urrent diretion of the urrents in the middleof the tape. Note that the size of the arrows does not have any physial meaning.
73



C Homogeneity of Roebel single strands
-2

-1

 0

 1

 2

 3

 1  2  3  4  5  6  7  8

-J
x 

(1
010

 A
/m

2 )

y (mm)

30A
60A
90A

120A
0A (remanent)Figure C.13: Cross setion of the two dimensional urrent distribution at x=8.6mm. Thesolid vertial lines mark the edges of the sample.the net urrent through the sample. In the following we de�ne the remaining forward �owingurrent in the ore as ore-urrent. The bakwards �owing surfae-urrents hange theirdiretion in the rossover setion again later than the urrents in the ore. Our algorithmevaluates the urrent �ow in a two dimensional struture and does not distinguish betweenurrents �owing lose to the surfae and those in the ore. Therefore, the bakwards surfae-urrents annot be seen diretly in the plots, but they have two e�ets on our alulations forthe remanent state. Firstly, the bakwards �owing surfae-urrents derease J over the wholeross-setion. In the remanent ase, the urrent is made up by the ore-urrent ompensatedby the bakwards �owing surfae-urrent. Figure C.13 shows the distribution of the urrentomponent in forward-diretion (−Jx) in the straight part. Seondly, a forward-urrent, whihis not parallel to the edges anymore and originates from the di�erene in the diretions of thesurfae- and ore-urrents mentioned before. Figure C.14 shows the remanent urrent at theright end of the rossover setion. The non-parallel on�guration an be seen very learly.In order to support our senario, we subtrated the matrix of the urrent distribution at60A two times from the urrent distribution at 120A, whih formally leads to the remanentstate. The resulting urrent distribution is indistinguishable from that alulated by theBiot-Savart inversion.The urrent distribution of the whole ondutor in the remanent state is shown in FigureC.12().C.3.4 Loal defetsSelf-�eld measurements and the Biot-Savart inversion are suitable for showing defets in oatedondutors. Small defets in the 5mm wide sample our 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 defet loated in the inner-left orner is illustrated74
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C Homogeneity of Roebel single strandsin �gure C.15(a). No damage in this region was visible by optial inspetion of the strandsurfae. This defet was either present in the unpunhed oated ondutor, or aused by thestrand manufature. FEM alulations show that the peak Von-Mises strain ours in theregion of the inner radius [47℄ if axial strain is applied to the strand. Sine the defet is in thisregion, it is likely that the defet was aused by overstraining the strand. The urrent has tobypass the defet on the lower side and, therefore, the urrent density inreases lose to theopposite orner of the tape. Figure C.15(b) shows the urrent-�ow near the redution of the

(a) A defet at the inner left orner leads to anenhanement of the urrent density lose to theopposite edge. (b) Due to a redution of the ross-setion the ur-rent density is inreased in the left setion.Figure C.15: Current �ow lose to loal defets.tape width due to a misalignment of the punhing mahine. The urrent density on the leftpart is signi�antly higher due to the redution of the geometrial ross-setion.Comparing C.15 and C.7 shows good agreement between the ontat free magnetosantehnique and the Hall sans under urrent �ow.We determined a redution of the overall Ic by 18% due to these defets with onventionalfour-point measurements.C.4 ConlusionTwo major bottleneks were identi�ed in the 2mm single Roebel strand from both magne-tosan and Hall-san measurements. One was aused by a punhing misalignment resulting indi�erent strand widths in the straight part. The other was likely to be aused by the appliedtensile stress during the prodution proess (defet at the inner left orner).The single �laments of the 5mm striated strand were well separated, but one loal inhomo-geneity was found. It is suspeted that this defet was already present in the oated ondutorbefore laser sribing. 76



C Homogeneity of Roebel single strandsSelf-�eld measurements under urrent �ow were performed suessfully on single Roebelstrands. Field and urrent distributions in the straight part agree with the ritial statetheory of thin �lms. A slightly di�erent behaviour for urrents penetrating from the edgesand urrents penetrating from the top and bottom surfaes was found in the transverse setionof the strand. This results in a non-parallel urrent �ow in the rossover part of a single Roebelstrand. The loal properties of the ondutor an be deteted with high-resolution Hall-sanmeasurements under urrent �ow. Therefore, this tehnique is very promising for �ndingproblems in the prodution proess of Roebel assembled oated ondutors.
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D In�uene of neutron irradiation onoated ondutorsAs disussed in Chapter A, fast neutrons will reah the superonduting oils of fusion devies.The in�uene of neutron irradiation on various properties of a oated ondutor are the maintopi in this hapter.Charaterisation of fast neutron irradiated oated ondutors has a long history at theAtominstitut in Vienna. The results in setion D.3 ontinue previous studies by René Fuger[3℄ and Mihal Chudy [4℄. Setion D.4 presents the world's �rst tensile stress measurementson irradiated oated ondutors. The set-up for these measurement was developed in thiswork. Therefore, the set-up is desribed in more detail in D.2.4.D.1 SamplesIn 2009, the largest manufaturers of ommerially available oated ondutor were:SuperPower In., a subsidiary of Furukawa Eletri Co., Ltd. (Japan) loated inShenetady, NY, USA [48℄. Note that SuperPower was a subsidiary of Philips HoldingUSA until February 2012.Amerian Superondutor (AMSC) loated in Devens, MA, USA. [49℄Bruker EST (formerly European High Temperature Superondutors GmbHEHTS), loated in Alzenau, Germany. [50℄State-of-the-art oated ondutors haraterised in this work were manufatured 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, suh as Theva (Germany), Fu-jikura Ltd. (Japan) [51℄ and SuNAM(Korea) have demonstrated their ability to produe high-performane oated ondutors as well. Laboratories suh as LANL (U.S.), KERI (Korea) andISTEC (Japan) manufature high-performane oated ondutors for R&D, but do not sellthem ommerially.The highest ritial urrent per ondutor width of the samples from 2009 used in thiswork, was reahed in the GdBCO-SuperPower tape. It was about 360A/m at 77K in self-78



D Neutron irradiation�eld with a superonduting layer of 1µm thikness. In 2011, the KERI-laboratory in Koreapresented a short length SmBCO tape with 1530A/m and a superonduting layer of 5µmat the EUCAS onferene 2011. SuperPower presented a Zr:GdYBCO tape with 961A/m[11℄. The superonduting layer is 2.8µm in this sample.The two most prominent manufaturers of Roebel ables are:
• Karlsruhe Institute of Tehnology (KIT) in Germany (formerly Forshungszentrum Karl-sruhe)
• Industrial Researh Limited (IRL) loated in Wellington, New ZealandThe Karlsruhe group originally introdued the Roebel tehnique to HTS oated ondutor[17℄ and use automated punhing and laser sribing methods for utting and striating singleRoebel strands. The assembly of the �nal Roebel able is done by hand. In 2010, IRLshowed the feasible prodution of long-length Roebel ables with an automated punhing andassembly manufaturing proess [19℄.D.1.1 SuperPower SCS4050The SuperPower produt ode SCS4050 means:
• Superondutor with Copper Stabilisation
• 4mm width
• 50µm thik Hastelloy R© substrateThe Hastelloy substrate forms the basis of the whole tape. In order to ahieve a smooth andlean surfae, the substrate is prepared by eletro-polishing. An IBAD (Ion Beamed AssistedDeposition)-MgO template generates the bi-axial texture for the superondutor material.The GdBCO layer is deposited by MOCVD (Metal Organi Chemial Vapour Deposition).Lastly, the superondutor is eletrially stabilised by a sputtered silver layer and surroundedby eletro-plated opper. Figure D.1 shows the arhiteture and dimensions of the tape.In our sample of the SCS4050, the use of the rare earth element gadolinium (Gd) resultsin a superonduting layer made of GdBa2Cu3O7−δ. SuperPower often over-dope their RE-ontent (Gd-ontent) in order to form RE2O3 nano preipitates. These preipitates 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 unsymmetrial behaviour with respet to the -peak.Seven stable isotopes of Gd exist. The neutron absorption ross-setions of the �ve isotopeswith the highest natural abundane are shown in Figure D.2.At thermal energies, the neutron absorption ross-setions of 155Gd and 157Gd are approx-imately �ve orders of magnitude higher than that of yttrium (blak line). In the epi-thermal79



D Neutron irradiation

Figure D.1: Arhiteture of the SuperPower SCS4050 tape. The piture is taken from [48℄-
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D Neutron irradiationregion (E < 0.1MeV), resonanes our over a wide energy range, inluding lower energiesthan for yttrium. Furthermore, resonanes have at least one order of magnitude higher am-plitudes in gadolinium at ≈ 10 keV. From the neutron absorption ross-setions, it is learthat high �uenes ould in�uene a GdBCO ondutor in a di�erent manner than an YBCOondutor. Results presented in the following will on�rm this expetation.D.1.2 SuperPower SCS 4050APThe arhiteture of the SCS4050AP (Advaned Pinning) tape is similar to that of the SCS4050.Additional arti�ial pinning entres ontaining RE and Zr have been introdued in order toinrease the pinning e�ieny of the tapes. The superonduting layer partially ontains Gdand Y. The detailed ontent of Y and Gd is unknown for our sample. In earlier publiationsSuperPower 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 preipi-tates of RE2O3. The additional Zr ontent forms BaZrO3 nano-olumns during the MOCVDproess. TEM images of suh samples [14℄ show BZO nano-olumns oriented primarily along(but with a ertain splay) the -axis. RE2O3 nano-preipitates have an average size of ≈9 nm. The RE2O3 nano-partiles self-align in planes nearly parallel to the a,b-planes of thesuperonduting matrix.D.1.3 AMSC 344CAmerian Superondutor uses the low ost RABiTSTM/MOD (Rolling Assisted Bi-axiallyTextured Substrate/Metal-Organi Deposition) proess to manufature 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 thik YBa2Cu3O7−δlayer is grown by MOD on the bu�er. Finally a silver layer is deposited on the top. Dependingon the appliation, di�erent stabilisers (opper, stainless steel or brass) are soldered onto theHTS-strip. Figure D.3 shows the arhiteture and �gure D.4 the ross-setion of the �naltape.Similar to SuperPower, AMSC introdues nano-partiles during the the MOD proess. Thedetailed omposition of the superonduting 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 proess [13℄.Furthermore, it has been shown that inreasing the Er ontent x in ErxY1Ba2Cu3O7 fromzero to 0.5 dereases 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 expeted in this samples.
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D Neutron irradiation

Figure D.3: Arhiteture of the AMSC 344 tape aording to [49℄.
Figure D.4: Cross setion of the AMSC 344 tapes. The piture is taken from [53℄.

The produt 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 manufaturing proess of AMSC an be found in [53℄.D.1.4 AMSC 344SThe 344S tape is manufatured as the 344C exept for its stabiliser. Stainless steel is used inthe 344S ondutor in order to enhane its mehanial properties.Table D.1 shows information provided by the manufaturers of the oated ondutors. TableD.2 gives details of the dimensions and introdues 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(%) ManufaturedSP 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 manufaturers

#Sample ode Type Purpose Thikness (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 failityAll samples were irradiated in the TRIGA Mark II reator of the Atominstitut / TU Wien.The TRIGA-reator is a researh reator of the swimming-pool type that is used for training,researh and isotope prodution (Training, Researh, Isotope Prodution, General Atomi =TRIGA). The reator 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% zironium,where zironium-hydride is the main moderator. A detailed desription of the reator typean be found in [55℄.As already mentioned in hapter A.4, this reator type provides a �simulation� of the ex-peted neutron spetrum at the position of fusion magnets. Figure D.5 shows the reatorand the ore on�guration. The �ux densities for di�erent neutron energies at the entral

(a) Photograph of the reator ore duringoperation. Piture taken from [55℄ (b) Core on�guration aording to [28℄.ZBR marks the entral irradiation fail-ity. Note that the FLIP (Fuel Lifetime Im-provement Program) and STEEL rods arerearranged, meanwhile.Figure D.5: TRIGA Mark-II reator ore at the Atominstitut TU Wienirradiation faility were determined in [28℄ and are shown in table D.3.The �uene Φ·t for di�erent energies is alulated by multiplying the �ux density Φ with theirradiation time t and, vie-versa, the irradiation time an be alulated for a desired �uene.As in [3℄-[5℄, Φ=7.6 · 1016 m−2s−1 was used for the fast neutron �ux density in the entralirradiation faility. The samples in this work were irradiated for 36h 35min and 62h 22min toobtain the desired fast neutron �uenes of 1.0 · 1022 m−2 and 1.7 · 1022 m−2, respetively.For irradiation purposes, oated ondutor 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 reator 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 thealulated irradiation time, the aluminium ontainer was stored inside the reator pool at halfheight between ore and water surfae. Due to the high ativity of the samples, approximatelysix months had to pass until the ontainer and the quartz tube ould be opened. Typialmeasured dose rates of the short samples after opening were ≈0.1mSv/h and 0.3mSv/h at adistane of 5 m for Φ · t=1.0 · 1022 m−2 and 1.7 · 1022 m−2, respetively. 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 superonduting NbTi-Nb3Sn omposite oilis mounted vertially in a helium bath. Samples with their surfae orientated parallel orperpendiular to the �eld are inserted with a sample rod from the top into the VTI (VariableTemperature Insert). A pump onneted 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-pointtehnique was used in order to detet the voltage at a given urrent. The urrent ontatswere realised with pressed indium ontats and the voltage ontats with spring probes. Thetemperature was measured with a ernox sensor �xed lose to the oated ondutor.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 superondutingsplit-oil magnet, whih is mounted in the liquid helium bath generating a horizontal �eld. Asample holder with a vertially mounted oated ondutor an be inserted into the old part(VTI) of the set-up. Hene, the �eld is always perpendiular to the urrent and therefore85



D Neutron irradiation

(a) (b) 6T SetupFigure D.6: (A) Split oil ryostat with horizontal magneti �eld, (B) extrated rotatablesample rod, (C) old part inlet, (D) ontrol- and measurement-equipmentmaximum Lorentz fore ats on the vorties. 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 urrentontats were implemented by pressed indium ontats and the voltage ontats were gluedwith silver paste. A Cernox temperature resistor was used to detet 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 manufatured 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 haraterisations of ritialurrents 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 expetation of the max-imum fore applied to oated ondutors 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-eletromagnet 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 eletromagnet, (B) eletromagnet, (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) onnetions, heating resistor, thermalswith, safety spring, et., (I) old partMany parameters had to be onsidered in the design proess and will be desribed in thefollowing.
• One limiting fator of the set-up was the spae between the two poles of the eletromag-net. The old part, marked I in �gure D.7(b), had to �t into this spae and thereforethe maximum diameter of the sa�old was limited to 5 m. The maximum applied forehad to be 1 kN. In order to reah this value, minimum diameters of the push and pullrods were given as well, whih also redued the spae.
• Currents of up to 300A have to �ow through the bus bars to the superondutor.
• Varying liquid nitrogen levels in the dewar would lead to periodi thermal expansionand ompression of the sa�old, and therefore on the sample, if push and pull rodsbehave di�erently. 87



D Neutron irradiation
• Setting a ertain fore with a stepper motor was onsidered as di�ult, as the maximumapplied fore is expeted to be at an elongation of typially ≈0.6% i.e. ≈0.3mm in atypial sample.Several designs were visualised with Solid Edge and �nally a set-up with the following keyproperties was realised:
• The sa�old is used as bus bar. Therefore brass was onsidered the material of hoiefor 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 onneted with pressed indiumontats (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. Hene, the urrent �ows throughthe sample and bak to the urrent soure through the push rods (A in D.8(a)).
• The applied fore 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 transdue the fore between the stepper motorand the pull rod.1 Di�erenes in the thermal expansion of pull and push rod ould bedisregarded with this solution as well. The fore is set with a stepper motor (NanoteST5709M1808A) ontrolled by a stepper motor ontroller (RN-Shrittmotor).
• The sample is �xed in a removable arriage. This has the advantage, that an irradiatedsamples ould be mounted �rst in a laboratory equipped for radioative sample manip-ulation and �nally assembled with the whole set-up in the low temperature laboratory.
• A Hall sensor detets the magneti �eld parallel to the tape surfae (L in �gure D.8()).The signal measured by this sensor is a sine funtion of the angle between the ative areaof the sensor and the applied magneti �eld. This data is used during the evaluationproess to alulate the orret angle (Θ) of the applied �eld. During the measurements,the angular information is obtained from the stepper motor, whih ontrols the rotationof the eletromagnet.
• The voltage ontats are glued with silver paste to the ondutor (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



D Neutron irradiation

(a) Front view (b) Front view without pushrods () Bak 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 andables are not depited. Desription: (A) Push rods, (B) pull rod, (C) removablearriage, (D) bolts, (E) indium sheets, (F) PVC-washers, (G) voltage ontats,(H) oated ondutor, (I) voltage pins, (J) thermal swith, (K) heating resistor,(L) Hall probe, (M) strain gauge, (N) referene strain gauge on referene oatedondutor, (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 ondutor of the same type as the measured sample.Another strain gauge was glued diretly onto the oated ondutor with epoxy resin (Min �g. D.8()), measuring the strain of the sample. Both strain gauges were attahedto a tunable Wheatstone bridge as shown in �gure D.9. The equilibrium state at zeroapplied strain was set with a preision 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 fator 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 fator K = 2.05 ± 1%. The tensile strain εan be alulated from equation D.1.

• Heating resistors and thermal swithes were plaed 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 automatially starts a heating sequene forontrolled heating to room temperature. The thermal swithes were plaed in seriesonnetion with the heating resistors proteting the sample from high temperatures.The upper thermal swith opens at 50oC and the lower swith at 70o. The temperatureat the sample never exeed 40oC during the heating proess.
• An aurate 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 referene data of liquid nitrogen. One reason for thisonstant 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 lak of time, the temperature sensor was not re-alibrated.
• Liquid nitrogen an be automatially �lled by a omputer ontrolled magnet valve forryogeni use (Consarti SOL DN6 AS R1/4" 24VDC). Two non-alibrated Pt100-Class B resistors were used to detet low and high liquid nitrogen levels in the dewar.Both resistors were insulated and mounted on a push rod.
• The onnetions above the old part (H in D.7(b)) were mainly sealed with a PMMA(Poly Methyl MethArylate also known as Plexiglas R©) tube, surrounding the wholeupper part. This asing redued freezing of air moisture on the set-up and espeiallyalong the pull rod. 90



D Neutron irradiation
Figure D.9: Eletri iruit of the strain gaugesThe whole set-up was ontrolled by a self-written python-framework whih was developedin this work and in [56℄[57℄. The open soure software Gnuplot [58℄ and the python bindingpyGnuplot [59℄ were used for visualising data during the measurements. In the programmingode, speial emphasis was given on simpliity, traeability and the usage of open souresoftware. Nevertheless, to adopt the set-up, basi programming knowledge is required. Inorder to keep the ode small and simple, no ode was written for unneessary graphial userinterfaes.In the ourse of a master thesis [57℄, an external USB-ADC/DAC ard LabJakU6 [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 seond stepper motor in order to rotatethe magnet.The external USB-ADC/DAC ard has been reently also used to ontrol a self-built relaybox to swith 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 �xedurrent soure.The features of the entire set-up are summarised by input and output parameters in thefollowing table.
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D Neutron irradiationInput parameters Desription
I Current through the sample. Set by the 40A or 300A-urrentsoure.
F Fore 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 seond 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 Desription
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 perpendiular to the sample surfae, measured witha Hall sensor.
F Applied fore, measured with a load ell.
ε Applied strain, measured with a Wheatstone bridge and straingauges.
Φ Field diretion, 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 haraterisation at one �xed applied fore is done within one measurement loop.A loop starts by inreasing the fore stepwise from the relaxed state to the desired fore. Ateah step, the self-�eld Ic is measured. Between eah step, the sample returns to the relaxedstate and Ic is re-measured. Hene, the dependene of the self-�eld Ic on the stress/strainas well as the stress-strain dependene, are obtained from these measurements. If the sampledoes not enter the irreversible region, where the sample is irreversibly damaged, anisotropymeasurements begin after reahing the �nal fore. 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 proess. It has proved pratial to begin the heating proess no laterthan 30 hours after the beginning of the measurement loop. After 30 hours, problems with92



D Neutron irradiationie formation along the pull rod an in�uene the measurements. One measurement looprequired approximately 44 h, inluding 18 h of heating. Typially, anisotropy measurementswere performed at nine di�erent fores, leading to a net measurement time of typially around400 hours for one sample.D.2.5 Ic-EvaluationThe ritial urrent was evaluated at a ritial eletri �eld Ec = 1µV/m orresponding toa ritial voltage Vc = l Ec. Here l denotes the distane between the voltage ontats. Thetransition between loss free and dissipative phase an be desribed by the power law:
E

Ec
=

(

I

Ic

)n (D.2)In (D.2), the voltage-urrent behaviour is haraterised by the ritial 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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(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 ritial temperature (Tc(0) or just Tc) is de�ned as the transition temperature between thenormal onduting and the superonduting 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 assoiated 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 setion 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 ondutor with hanging temperature. In the normal onduting region(T > 86K), the urrent �ows mainly through the surrounding opper.D.3 Results and disussion of transport measurementsD.3.1 Homogeneity of the tapesIn reent years, the long-length homogeneity of oated ondutors has ontinuously improved.A few years ago, the magnetosan tehnique, disussed in hapter C.2.1, deteted several de-fets in oated ondutors. All samples of state-of-the-art tapes used in this work, were shownto be fairly homogeneous and no large defets were deteted in the pristine samples. FigureD.31(a) and D.32(a) on page 116�. show magnetosans 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 superonduting �lms. The di�erenein the magneti �eld between the two samples originates from the paramagneti NiW-alloysubstrate of the AMSC sample, whih ampli�es the applied �eld from the permanent magnet.This paramagneti �eld of the NiW-alloy also enhanes the AC losses. Hene, several groupstry to �nd non-paramagneti alloys for the RABiTS proess. The �eld of the permanentmagnet �eld was subtrated from the loal �eld B in the magnetosan images.D.3.2 Transport properties in the main �eld orientations at high �elds (0 to15T)The measurements presented in this setion were mainly performed in the 17T-set-up usingthe samples SP12, AS3 and AC3. Sine AS3 and AC3 behave similarly, only AC3 is dis-ussed in the following. The pristine samples were haraterised before and after irradiationto Φ · t = 1022 m−2. In order to ompare these results with results at higher �uenes, thetransport measurements on SP15, SPAP1 and AC4 (up to 6T) are inluded. The samplesSP15, SPAP1 and AC4 were irradiated to a �uene of Φ·t = 1.7·1022 m−2 and haraterised 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 performane an be expeted. Nevertheless, ifthe data prior and after irradiation were not obtained from the sample, the �uene is markedwith an asterisk (*) in the �gures of this setion.
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D Neutron irradiationAt high �elds (>1T), the ritial urrent density depends mainly on the intra-grain ur-rents, whereas the ritial urrent in low �elds depends mainly on the misalignment betweenthe grain boundaries in unirradiated oated ondutors [15℄[16℄. As previously mentioned,two main mehanisms an generally be expeted from neutron irradiation. The �rst is aredution of the ritial temperature Tc due to oxygen displaements (point defets). Theseond is an enhanement of the pinning e�ieny due to the introdution of unorrelatedpinning entres by fast neutrons. After irradiation Jc is redued in low �elds and enhanedat high �elds (at su�iently low temperatures where the Tc redution does not play a role)providing evidene that the inter-grain Jc is redued after irradiation, whereas the intra-grain
Jc is enhaned. The latter is explained in a straight forward way by the enhaned pinningdue to the additional pinning entres. An aumulation of the mobile point defets at thegrain boundary and/or an enhanement of the loal �eld at the grain boundary, due to theenhaned intra-grain Jc was suggested to be responsible for this redution at low �elds [5℄.At low temperatures, the pinning e�ieny is higher, due to the smaller thermal energy.In partiular, smaller defets beome more e�ient at low temperatures and the enhanementof Jc is after irradiation is more pronouned after the irradiation.All these mehanisms in�uene the ritial urrent density Jc. At elevated temperatureslose to Tc, the Tc-redution dominates and Jc dereases even at low �uenes. At lower tem-peratures, the enhanement due to the added pinning entres dominate and Jc inreases toa ertain �uene Φ · tmax, before it dereases as the Tc-redution beomes dominant. Thisritial dose depends mainly on �eld, temperature and on the starting material.The previously explained e�ets an be desribed qualitatively with a temperature salinglaw for the pinning fore. Note that it is not the author's aim to explain the hange of pinningdue to neutron irradiation theoretially but to �gure out the hanges of the ritial urrentsdue to neutron irradiation by a strongly simpli�ed model. The redution of Jc at low �eldsand the enhanement of Jc at high �elds an formally be desribed by a higher Birr(0K) and
Bc2 in irradiated samples.In many saling laws, the pinning fore is expressed by:

Fp(B,T ) ≡ IcB = Ch(T )f(b) (D.3)where C is a onstant, h(T ) is a funtion of temperature and f(b) is a funtion of the redued�eld b = B/Birr. The temperature funtion 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 ritial �eld at T = 0 and η is typially ≈2. The upper ritial�eld dependene an be approximated by:
Bc2(T ) ≈ Bc2(0)

(

1 −
(

T

Tc

)σ) (D.5)where σ is typially ≈1.5 in oated ondutors. One an rewrite D.4 as:
h(T ) ≈

((

1 −
(

T

Tc0

)σ))η (D.6)The �eld dependene of the pinning fore is often given by [61℄:
f(b) = bp (1 − b)q (D.7)where typial values for p and q are about 0.5 and 3 in oated ondutors. 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 ritial 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 derease with dereasing Tc. The right part depends mainlyon Birr(T ), whih is related to Tc and Birr(0) by D.5. An enhanement of Birr(T ) wouldlead to higher ritial urrents at higher �elds but lower ritial urrents in lower �elds. Aspreviously mentioned, neutron irradiation enhanes the upper ritial �eld Birr, but dereases
Tc.In order to get a feeling for the Ic hange after irradiation, two di�erent situations areillustrated in �gure D.11 for typial 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 redution of ∆Tc=1.6K is illustrated by the green dashed line and theblue dotted line was alulated by assuming a higher Tc redution of ∆Tc=6K.In D.11(a), a rather small enhanement of Birr is assumed that is similar to the situationfor H‖a,b. At high temperatures, the Tc redution 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 enhaned for
∆Tc=1.6K. For the ∆Tc=6K-assumption, Ic is always redued.Figure D.11(b) shows alulations for a rather high enhanement of Birr similar to thesituation for H‖. In this situation, the irradiated sample with ∆Tc=1.6K also reahes96
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D Neutron irradiationCritial urrent density JcUntil the measurement of the 2009-SuperPower tapes (present tapes), all oated ondutorsshowed an enhanement of Jc at a �uene of 1·1022 m−2 at 64K and high �elds and a redutionof Jc in low �elds. The rossover between redution and enhanement in the 2007-AMSCsamples was at ∼8T and 0.3T for �elds H‖a,b and H‖, respetively [3℄. In the urrentAMSC samples the rossover for H‖a,b was found at ∼6T and the urrents for H‖ wereenhaned 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 enhaned 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 redued at all �elds in the urrent SuperPowertapes. This redution is aused by the same e�et as the Tc-redution (higher ross-setionfor neutron absorption), as disussed in the previous setion.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 beomes omparableor even smaller than Jc of the AMSC tapes. Due to the greater thikness of the AMSCsamples (two and three times thiker for 344C and 344S, respetively) and the larger width(4.4mm), the engineering urrent density is always signi�antly lower in the AMSC samples.The ritial urrent densities at di�erent temperatures are disussed in the following inmore detail. Sine the present AMSC tapes 344C and 344S primarily di�er by a onstantfator, 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 ondutor thikness.Low temperature (T=50K)

• AMSC (�gure D.14(a)): For H‖, the ritial urrent density is enhaned in the entire�eld range after irradiation. At 6.0T, the ritial urrent density is 1.9 times higher afterirradiation and 1.6 times higher at 15T. For H‖a,b, Jc is redued for �elds below 4.25T.At 15T, Jc is 1.4 times higher after irradiation. The introdution of e�ient pinningentres by neutron irradiation learly dominates at this temperature. The engineeringurrent density (JE ≈ 0.5 · 108 Am−2) for H‖a,b is still too small for fusion magnetappliations.
• SP (�gure D.14(b)): The pristine sample reahes engineering urrent densities of morethan 2·108 Am−2 at all �elds in the favourable �eld diretion (H‖a,b). This would besu�ient for fusion oils. Unfortunately, JE does not reah these high values for H‖.Only 0.3·108 Am−2 at 15T is found. After irradiation to 1·1022 m−2, the ritial urrentdensity at H‖ is only slightly enhaned for �elds below 4T. At 15T, Jc is only half100
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H‖ in both pristine samples is espeially striking at 50K (ompare Jc in �gure D.14(a) withD.14(b)).Lowest possible liquid nitrogen temperature (T=64K)
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D Neutron irradiationevaluate a slightly enhaned Birr(77K) for Φ·t = 1·1022 m−2, indiating a higher pinninge�ieny. This enhanement is not as pronouned as at T = 64K and therefore thee�et of the lower Tc more or less anels the enhanement of Birr at this temperature,leading to a more or less similar Jc before and after irradiation. For H‖a,b, the ritialurrent density is redued at all �elds. The ritial urrent density is 0.72 and 0.52times the pristine values at 0.2T and 15T, respetively.After irradiation to 1.7·1022 m−2, the ritial urrent density is redued for all �elds.This is again evident from the irreversibility line (�gure D.12(b)), beause Birr(77K)and Tirr(B) are smaller at this �uene level. The redution is stronger for high �eldsthan for low �elds.
• SP (�gure D.16(b)): All ritial urrents are redued 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 redued from 9.2T to5.8T after the irradiation (�gure D.13(b)). For H‖a,b, Jc is redued 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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• AMSC (�gure D.18(a)): At 85K, Jc is redued for all �elds. Note that 85K is alreadylose to the ritial temperature and therefore Birr(85K) is redued 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, respetively. For H‖a,b, the irre-versibility �eld at 85K was redued from 4.9T to 3.1T after irradiation. The redutionof Birr(85K) and Tc results in redued ritial urrent densities for all �elds in both�eld diretions.
• SP (�gure D.18(b)): For H‖, the irreversibility �eld at 85K is redued from 3.6T to0.4T. Therefore, small ritial 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 isredued from ≈17T before irradiation to 0.7T after irradiation. This strong redutionof Tc is also responsible for the large redution 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 dependene of Jc in the pristine samples at 6Tand 2T at 64K. At 6T, both SuperPower tapes have more or less the same performane at
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D Neutron irradiationorrelated nano-dots during the MOD proess, as found in [13℄. The AMSC and the SCS4050tape are ompletely symmetrial with respet 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 unorrelated pinning entres, whih are e�etive at intermediate and low�elds in other tapes. The intrinsi pinning peak ours learly, as well as the -axis peak, whihoriginates from the aligned defets (twin boundaries, disloations, ...). The SCS4050-AP tapehas a smaller anisotropy, but the arti�ial pinning entres seem to be aligned in preferreddiretions, leading to a maximum at around 20o (200o). Contrary to the SCS4050-AP, the ar-ti�ial pinning entres in the 344C tape enhane the properties at all �eld orientations, whihalso leads to the lowest anisotropy of the three tapes at 2T. Note that the angle betweenthe maxima of the SuperPower tapes is not exatly 180o at low �elds (< 1T). This e�etis disussed in more detail in setion D.4.4. Above a rossover �eld [63℄, the intra-granularurrents mainly determine Jc and therefore asymmetry e�ets are hard to �nd at µ0H = 6T.Anisotropi properties hange signi�antly due to the irradiation. Figure D.20 shows thehanged angular dependene for two di�erent temperatures of the AMSC tape.
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D Neutron irradiationAt 64K and 6T, one an see the high e�ieny of the introdued unorrelated pinning en-tres. Jc is enhaned at all angles, expet lose to H‖a,b. This applied �eld (6T) orrespondsto the rossover in �gure D.15 on page 102, where Jc for H‖ beomes as high as for H‖a,b.At a lower �uene, Jc(H‖) is expeted to be even higher than Jc(H‖a,b) (aording to �gureD.15).Diret omparisons similar to �gure D.20 are not possible for the SuperPower tape, sinethe Jc redution was too strong.Eah sample will be disussed in detail in the following setions.SuperPower SCS4050
Jc in the pristine sample (�gure D.21) is asymmetri with respet to the -axis at 64K and77K for low �elds. This asymmetry may be aused by tilted planes of GdO2 preipitates.Due to the absene of BZO nano-olumns, the anisotropy is higher than in the SCS4050AP
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D Neutron irradiationintrinsi peak. The angular Jc-dependene is always symmetrial. At 64K the Jc-anisotropyis higher than at 77K for the same �elds and a -axis-peak is visible. Hene, at low temper-atures the nano-dots are not as e�etive as at high temperatures ompared to the intrinsipinning.At 64K (�gure D.26(a)), a loal 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 ritial urrent density at H‖ equals the ritial urrent
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D Neutron irradiationmore di�ult if the in-plane strain dependene of Ic beomes anisotropi as in (RE)BCO. InYBCO single rystals, Tc inreases linearly with pressure along the b-axis (1.9±0.2K/GPa)and dereases with pressure along the a-axis (-2.0±0.2K/GPa) [65℄. Hene, twin boundaries2and in-plane misalignments hange the stress/strain dependene. The mirosopi struturehas to be onsidered in order to understand the marosopi behaviour. A qualitative orre-lation between the uni-axial pressure dependene of Tc and the reversible stress/strain-e�etwas found in [26℄. Figure D.27 shows two di�erent situations in YBCO thin �lms.

Figure D.27: Explanation of the Ic strain dependene in IBAD-MOCVD (RE)BCO oatedondutors, taken from [26℄: (a) Twin boundaries are oriented at 45o to thesuperonduting �lm. (b) Twin boundaries perpendiular to the tape diretionwhen stress/strain is applied along the superonduting �lm.The situation in D.27(a) orresponds to the alignment of the a,b-planes in IBAD-MOCVD(RE)BCO oated ondutors (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 diretion, Tc and therefore Jc dereases in the left grain and inreases in theright grain, as indiated 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 diretion as in ISD (Inlined-Substrate Deposition) (RE)BCO oated ondutors, the opposite Tc-σ/ε dependenies aneleah other in eah grain and the ritial 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 our,if stress/strain was applied at an angle of 45o to an IBAD-MOCVD ondutor. This wouldhave a positive e�et in IBAD-MOCVD twisted ables [26℄.Note that disloations on the other hand an introdue a relatively large amount of stress/-2Neighbouring latties whih are rotated by 90o in the a,b-plane.111



D Neutron irradiationstrain and therefore hange the initial lattie stress/strain state.Of further interest is the lower strain sensitivity of GdBCO oated ondutors, whih wasfound to be 58% smaller than in YBCO oated ondutors [26℄.Until now, no tensile stress measurements on irradiated oated ondutors have been reported.Therefore, no referene data existed before these measurements were started. Tensile stressmeasurements on pristine oated ondutors show that tensile stress an be applied up tothe irreversible stress/strain-limit (σirr/εirr) without a permanent redution of the ritialurrent one the stress has been released. On the ontrary, as previously mentioned, an idealstress/strain exists, where a maximum of the ritial urrent is expeted.Due to the missing referene 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 fores). Therefore, the full haraterisation of a sample took about two months(see setion D.2.4). Sine the measurements on one sample were always terminated when theirreversible region was entered, the sample was damaged and ould no longer be used. Hene,in ontrast to the transport and anisotropy haraterisation, the measurements before andafter irradiation ould not be performed on exatly the same sample, but on di�erent samplesut from one long piee of a tape.In partiular tensile stress measurements, generally require statistis from many measure-ments. Note that our results refer to only one sample of eah manufaturer, 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 redued to 95% of the initial value. The exat irreversiblelimit of the pristine AMSC 344C tape was not determined, as the sample reahed the irre-versible limit between two anisotropy measurements at 303MPa. Hene, only lower limits ofthe irreversible parameters an be given for this sample.D.4.1 Stress-strain dependeneThe stress-strain dependene was measured at the same time as the self-�eld Ic - dependeneon 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℄ whih orrelates to a stress of 347MPa in theSCS4050 tape. The yield strength is signi�antly lower than the irreversible stress limit, andtherefore, the deformation ours early in our measurements. A redution of this deformation
112



D Neutron irradiation
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D Neutron irradiation117. Figure D.30(a) shows the hange of Ic in the absene of an applied �eld.
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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 redued to below 98%. Ic of the irradiated sample is redued to 92% at the irreversiblestress limit of 410MPa (ε=0.53%).Note that the absolute Ic 0 was redued to 76% in the irradiated tape ompared to thepristine value.D.4.3 HomogeneityMagnetosans of the pristine samples were performed before and after tensile stress measure-ments. Before applying stress, both ondutors were quite homogeneous with no signi�antdefet (�gure D.31(a) and D.32(a)).
(a) Pristine sample

(b) After applying 320N (800MPa)Figure D.31: Magnetosan of the pristine SuperPower sample before and after the tensilestress measurements.The pristine AMSC ondutor had a slightly lower Ic on the left edge. Sine the urrentontats were onneted over a length of ≈15mm at both edges, this slight Ic redution anbe disregarded.After applying the maximum load (�gure D.31(b) and D.32(b)), both ondutors wereirreversibly damaged. The superondutor was damaged over a long length and not exlusivelyalong single raks. In both samples, the entre part (where the voltage ontats and the straingauge is loated) remained nearly intat. The left and right ends, where pressed ontats heldthe sample, also remained superonduting. Hene, 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: Magnetosan 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.
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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 fores 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 ritial 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, respetively.The �eld was parallel to the tape surfae at ± 90o and perpendiular to the tape surfae at0o. For the SuperPower ondutor the left maximum peak (≈ −90o) and the right maximumpeak (≈ −90o) are referred to as Θleft and Θright, respetively. In the AMSC sample, thepeaks are referred to as a,b-peaks, as they are positioned at the lassial a,b-peak position of
± 90o.The olour pro�le of the 3D �gures indiates the relative hange of the ritial urrent withregard to Ic at the maximum at about 90o(SuperPower: Θright or AMSC: Θab).SuperPower SCS4050The ritial urrents in the pristine sample at 0.1T (�gure D.33(a)) are asymmetri withrespet to the -axis, due to the tilt of the a,b-plane and/or the Gd2O3 preipitates. The
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D Neutron irradiationThe di�erene between the shift of the two maxima with respet to the tape surfae disap-pears for the irradiated sample at 0.1T (�gure D.33(b)). Both maxima are shifted by about5.5o to the tape surfae 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 ours at around 200-300MPa for all �eld orientations, whih is indiated by the yellowolour in the diagrams (aording to a relative enhanement).At 0.6T, the ritial urrent of the pristine sample is more symmetri to the -axis thanat 0.1T (�gure D.34(a)). Furthermore, the anisotropy is enhaned. A small loal minimum
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(b) Irradiated sampleFigure D.35: Anisotropy of the SuperPower tape under tensile stress at µ0H=1.4T.minimum loated lose to 0o is 6.4 indiating a high anisotropy. At 1.4T, the maximum atabout 200MPa is not observed.Figure D.36 shows the shift of the maxima with respet to the tape surfae, depending on �eldand stress, in detail. At low �elds, the shift of the left maximum is nearly twie as large as
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D Neutron irradiationby tilted a,b-planes as found in [68℄. The di�erene in the positions of the left and the rightpeak at low �elds is unlear at present.In the irradiated sample, the di�erene between both maxima beomes 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�uene the angular dependene and therefore the positions of themaxima are also not a�eted.As previously found, slightly higher Ic values our 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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D Neutron irradiation
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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 ritial urrents of the irradiated sample are enhaned 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 loal maxima our around the a,b-peaks (�gure D.41(b)). Ic for
H‖ is nearly equal to the value of the pristine sampleAording to �gure D.17(a) on page 103, the Θ-dependene will not hange signi�antlywith even higher �elds at this neutron �uene. Again, only a slight redution of Ic ours inrelation to the applied fore.A detailed analysis of the stress dependene for H‖ and H‖a,b is shown in �gures D.42and D.43.
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(b) Irradiated sampleFigure D.43: Stress dependent Ic redution for H‖.The ritial urrent of the pristine sample never dereases up to the maximum applied stressof 303MPa (�gure D.42(a)). The irradiated sample behaves similarly, but a degradation to
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E Status of HTS oated ondutors forfusion magnet oilsIn this �nal hapter, the requirements on oated ondutors spei�ed in A.1 will be disussed.High ritial urrents in high magneti �elds at high temperaturesThe estimated ritial engineering urrent density of JDemo
c,E (15T) ≈ 1.2 · 108 Am−2 wasnearly reahed (≈ 0.9 · 108 Am−2) in the pristine SCS4050 ondutor at 64K for the �eldapplied parallel to the a,b-planes. For �elds parallel to the -axis, the ritial engineeringurrent 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 ondutors [3℄, whihis about a fator of two lower than in the SuperPower SCS4050 ondutor investigated in thiswork.In reent years, the enhanement of the ritial urrent density in oated ondutors hasbeen impressive. Furthermore, SmBCO ondutors with inreased superonduting layerthikness in short samples (entimetre range) reahed about four times higher ritial sheeturrent density when ompared with the SuperPower sample of this work. If these remark-able improvements in oated ondutor development ontinue, the desired engineering urrentdensities at 64K ould be reahed in the forthoming years.The ondutor has to withstand neutron irradiation without a performane lossUnfortunately, unlike YBCO oated ondutors, GdBCO oated ondutors were not able towithstand the full-neutron-spetrum irradiation of the TRIGA reator without a signi�antloss of performane. The high neutron apture ross-setion of gadolinium seems to be re-sponsible for the strong redution of Tc, as the reoil of the exited atoms, when emittinggamma rays, reate point defets that disturb the superonduting phase. However, a fusionspetrum onsists of signi�antly less thermal and epi-thermal neutrons (whih are mainlyaptured by the Gd nuleus) than the �ssion spetrum of the TRIGA reator. Therefore, theusability of gadolinium and samarium oated ondutors for fusion magnet oils, needs to befurther investigated.At 64K, the YBCO oated ondutors investigated in this work always showed an enhane-ment of Jc at high �elds after irradiation. Therefore, YBCO oated ondutors one againdemonstrate their ability to withstand neutron irradiation.126



E HTS for fusion magnet oilsHomogeneity over long lengths of ondutors:Contrary to previous results [3℄, no signi�ant loal defets in today's ommerially availableoated ondutors were found. Geometrial imperfetions and loal defets found in narrowprototype Roebel strands should be avoidable in the future. Striating Roebel strands bypio-seonds infra-red laser pulses seems to be a promising tehnique, as the �laments arewell separated from eah 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 ondutor.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, whih should be �lled nearly ompletely withtransverse setions of the strands in order to lower the AC losses.Currently, no oupled solutions for ommerially available Roebel ables exist. The ques-tion of how to ouple single strands (at ertain points or throughout the entire able) is stillopen.Mehanial strength and a low stress dependene of IcIn the pristine samples, the ritial urrent of both YBCO and GdBCO oated ondutorsminimally depends on the applied stress. After irradiation, the ritial urrent dependeneon stress was signi�antly enhaned in the GdBCO ondutor, whereas nearly no hange wasobserved in the YBCO ondutor. This e�et is likely to be aused by the lower Tc in theirradiated GdBCO ondutor, as the sensitivity of Ic on applied stress beomes higher attemperatures loser to Tc. However, the irreversible limits did not hange after irradiation.The irreversible stress limits of oated ondutors far exeed those of onventional Nb3Snondutors. The irradiated SuperPower tape showed a reversible behaviour up to 800MPa,whih is well beyond the (estimated) required irreversible limit of 500MPa for a DEMO able.Cables with a large heat removal apabilityThe two main able-onepts (Roebel able and oaxial able) based on oated ondutorsdesigns have a good heat removal apability beause of the opper stabilisation. Nevertheless,an aurate predition should onsider the able design and the oolant. Sine neither theable design nor the oolant is spei�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 redued by self-�elde�ets in the able. Furthermore, its industrial assembly is rather ompliated. Tensile stressapplied to a Roebel able might lead to defets at the (inner) orners of the strand. There-fore, the use of Roebel ables without mehanial reinforement is questionable. A long lengthprodution of a Roebel able is ompliated, but was already demonstrated.In ontrast, the strands of a oaxial able are not fully transposed, but the onept iseasy to sale up and an industrial assembling proess is already established. The oatedondutors are wound under ompressive stress in this able and therefore the entire ableshould withstand even higher stresses than single strands.Currently, both onepts are subjet to researh and none of them has proven to be superioryet.Materials should be inexpensive(RE)BCO oated ondutors are still by far more expensive than onventional LTS ondu-tors. These osts need to be redued if oated ondutors were to be used in fusion oils.The higher osts ompared to Nb3Sn ould nevertheless be partially balaned by several ostsavings due to the higher operating temperature. Furthermore, radial ost uts are expeted,if thiker superonduting layers ould be realised or if oated ondutors ould be manufa-tured by hemial methods.It should be emphasized, one again, that the use of liquid helium as a oolant is no option fora sustainable energy soure, sine the amount of helium is limited on earth. Therefore, fromtoday's perspetive, HTS oated ondutors are the only option for future fusion magnet oils.Promising perspetives for oated ondutors and ables for fusion magnet appliations anbe dedued from our results, but a substantial further development of ondutors and ablesis needed to meet the requirements of future nulear fusion plants.
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