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Abstract—While the performance of YBa2Cu3O7-x (YBCO)-

based coated conductors under dc currents has improved 
significantly in recent years, filamentization is being investigated 
as a technique to reduce ac loss so that the 2nd generation (2G) 
high temperature superconducting (HTS) wires can also be 
utilized in various ac power applications such as cables, 
transformers and fault current limiters. Experimental studies 
have shown that simply filamentizing the superconducting layer 
is not effective enough to reduce ac loss because of incomplete 
flux penetration in between the filaments as the length of the tape 
increases. To introduce flux penetration in between the filaments 
more uniformly and reduce the ac loss, virtual transverse cross-
cuts were made in superconducting filaments of the coated 
conductors fabricated using the metal organic chemical vapor 
deposition (MOCVD) method. The virtual transverse cross-cuts 
were formed by making cross-cuts (17 ~ 120 µm wide) on the 
IBAD (ion beam assisted deposition)-MgO templates using laser 
scribing followed by depositing the superconducting layer (~ 0.6 
µm thick). AC losses were measured and compared for 
filamentized conductors with and without the cross-cuts under 
applied peak ac fields up to 100 mT. The results were analyzed to 
evaluate the efficacy of filament decoupling and the feasibility of 
using this method to achieve ac loss reduction.  

 

 
Index Terms—AC Loss, Coated Conductor, Filamentization, 

YBCO.  
 

I. INTRODUCTION 
N the last several years, great progress has been made in the 
R&D of t he c oated conductor t echnology by w hich long -

length hi gh t emperature s uperconducting ( HTS) wires are 
fabricated. The second generation (2G) HTS wire technology 
utilizes d ifferent approaches su ch a s R ABiTS™ (Rolling 
Assisted Bi axially T extured S ubstrates) or IB AD (Ion B eam 
Assisted D eposition) for t he pr eparation of a  t emplate on 
which high performance HTS films, mostly YBCO-based, are 
deposited. While the self-field dc critical current (Ic, 77 K) of 
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the best coated c onductors has exceeded 1, 000 A/cm-w fo r 
short samples, long-length (up to 1 ki lometer) wires with the 
YBCO-based layer d eposited by M OCVD ( Metal Organic 
Chemical V apor D eposition) are commercially available, 
having a self-field Ic of 250 ~ 300 A/cm-w [1]. The improved 
conductor p erformance i s en abling the u se o f 2G wires i n 
many electrical power devices. 

However, f or most of  t he a pplications such as  cab les, 
transformers a nd f ault c urrent l imiters, ac l oss remains a  
concern.  AC l oss i s g enerated within t he 2 G w ires by ac 
transport currents and/or ac magnetic fields. With r espect t o 
the ac applied fields, the high ac loss of a coated conductor is 
related to its high aspect ratio geometry with the hysteresis ac 
loss in perpendicular f ields becoming a s ignificant portion of 
the t otal a c l oss. D ividing a coated co nductor tape i nto 
narrower f ilaments ha s been proven to be  a  p romising 
approach to reduce the ac loss [2-4]. Various techniques have 
been investigated for filamentizing coated conductors [5-7]. In 
order t o reduce t he ac l oss effectively, i t i s r equired t hat the 
HTS filaments be fully decoupled not only electrically but also 
magnetically. The magnetic decoupling requires magnetic flux 
penetration in between the filaments. While magnetic flux can 
penetrate through the ends of a short filamentary sample, field 
penetration is p roblematic for long ta pes as t he f lux can b e 
blocked by the HTS filaments. One method to accomplish the 
field p enetration i n t hese HTS filaments i s t hrough t he 
twisting of the tapes as proposed by Oberly [8] or through the 
transposition of t he s lanted f ilaments i n t wo e lectrically 
connected tapes as done by Tsukamoto and Abraimov [9-10].  
With the flat t ape g eometry, i t w as pr oposed e arlier by  
Ashworth [11] that the f ield penetration for long tapes could 
be a chieved by i ntroducing periodic t ransverse c ross-cuts i n 
the H TS l ayer o f a co ated co nductor. The non-
superconducting c ross-cut works as  a ch annel f or t he 
penetration of flux and the stabilizing normal metal above the 
cross-cut serves as a  bridge maintaining a continuous current 
path. The practicality of this approach depends on the tradeoff 
between the hysteresis ac loss reduction due to the enhanced 
decoupling and the i ntroduced r esistive l oss a t t he metallic 
bridges, a nd t he a bility t o t ranslate t his a pproach t o l ong-
length, high throughput production of 2G wires. 

In t his s tudy, w e proposed a nd i nvestigated a  different 
method t o m ake t he t ransverse c ross-cuts in t he p roduction 
process of YBCO coated conductors. Instead of direct cutting 
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on the H TS l ayer after t he Y BCO c oated c onductor i s 
produced, a cr oss-cut w as made on the buffered t emplate by  
laser scribing, as shown in Fig. 1. Following the laser scribing 
of t he b uffer was t he deposition o f t he HTS l ayer an d the 
silver layer, s tep ( 2) a nd ( 3) i n F ig. 1. Due t o t he d efective 
buffer s urface at t he s cribing, t he microstructure of t he HTS 
film r ight above the cut was disrupted. In this way, a  v irtual 
cross-cut was formed i n t he HT S l ayer. The l ongitudinal 
direction f ilamentization, step ( 4), was also d one b y l aser 
scribing. Using samples of  different ge ometries a nd 
configurations, the effect of the virtual cross-cut on magnetic 
field penetration and ac l oss was i nvestigated. To s imulate 
long-length tapes, short samples with non-filamentized parts at 
the ends were used and compared with the fully filamentized 
samples. AC losses were m easured fo r these samples t o 
evaluate the effectiveness of the cross-cut approach. 

 

 
Fig. 1.  Procedure for making a f ilamentized coated conductor sample with a 
virtual transverse cross-cut. In this case, the sample is fully filamentized or the 
filamentization is from end to end. 

II. EXPERIMENTAL DETAILS AND TECHNIQUES 

A. Production of Virtual Cross-Cut 
The IBAD-MgO template used for this study was prepared 

by SuperPower Inc., Schenectady, N Y. In b rief, the standard 
12 m m wi de template h as a  s tructure o f LaMnO3 (LMO) /  
Homo-epi-MgO / IBAD-MgO / Y 2O3 / Al2O3 / Hastelloy. The 
thickness of the LMO layer is 30 nm.  

Transverse c ross-cuts o n t he s urface of t he t emplate w ere 
made by laser s cribing using a  QuikLaze-50 N d:YAG l aser 
machining system manufactured by New Wave Research. The 
system i s a  T riLite model a nd e quipped with a n a utomatic 
sample stage. For the scribing of the IBAD-MgO template, the 
352 nm green l ight was selected. A t a f ixed pulse r ate of 20 
Hz, the depth of the scribing can be adjusted by changing the 
laser power output as well as the sample stage motion speed. 
The width of the scribing was varied from 17 µm to 120 µm 
by tuning the aperture in the beam line. 

Deposition o f high pe rformance Zr-doped GdYBCO films 
was done by S uperPower using the MOCVD approach. The 

HTS l ayer deposition was fo llowed b y the sputtering 
deposition of a silver layer (1.5 µm thick) which serves as the 
stabilizer. After t he silver d eposition, all coated co nductor 
tapes we re oxygen a nnealed be fore further p rocessing or 
measurements. In cases when the GdYBCO layer was 
deposited on a template having a transverse cross-cut, a virtual 
cross-cut was formed in the HTS film due to the disruption of 
the underneath LMO buffer by the laser scribing. 

The s ame laser s ystem u sed f or m aking t he cr oss-cuts on 
the buffered template was also used for the filamentization of 
the coated conductor tapes. The filamentization was along the 
longitudinal d irection of a t ape. Processing parameters of the 
laser system were s et s uch t hat t he s cribing i s t hrough t he 
GdYBCO l ayer. The w idth of  t he l aser s cribing for t he 
filamentization was around 10 0 µm. As 1 0 fi laments were 
formed in the 1.2 cm wide tape, each f ilament was about 1.1 
mm w ide. After the laser filamentization, all samples w ere 
oxygen annealed at 500 °C for 2 hours in a tube furnace. The 
purpose of this procedure is to remove the electrical coupling 
of the filaments from the laser processing as shown by Levin 
[4]. 

Fig. 2 shows the ge ometries of different samples u sed f or 
the m agnetic f ield penetration s tudy a nd f or t he a c l oss 
measurements. The five different s amples ar e: ( A) a n as-
received control sample; (B) an end-to-end fully f ilamentized 
sample; ( C) a  c lose-end f ilamentized s ample w ithout c ross-
cut; ( D) a c lose-end filamentized s ample w ith a  cr oss-cut i n 
the cen ter; an d ( E) A cl ose-end filamentized s ample w ith a  
cross-cut near the end of the filaments. For the sample D or E 
that ha d a  c ross-cut, t he width of t he c ross-cut was 30 μm. 
Depending o n t he f ilamentization c onfiguration a nd whether 
there was a virtual cross-cut, the field penetration and ac loss 
were expected to be different. 

 
Fig. 2. Schematic geometries of the samples (10×1.2 cm) used for the 
magnetic field penetration and ac loss studies. The non-filamentized regions at 
the ends of samples (C), (D) and (E) were all 1  cm long. The locations of the 
virtual cross-cuts in sample D and E were indicated by the dashed lines. 

B. Characterization of Virtual Cross-Cut Conductors 
Critical currents (Ic) were measured using the standard four-

probe m ethod for t he a s-received t apes an d t he f ilamentized 
samples wi thout t he c ross-cuts. T he m easurements were 
carried out at 77 K with samples immersed in liquid nitrogen. 
The criterion for determining Ic values was 1 µV/cm.  For the 
as-received 0 .6 µm thick GdYBCO tapes, the measured self-
field dc critical current (Ic, 77 K) was around 280 A. After the 
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filamentization, the measured Ic was around 235 A. Using the 
same s ystem, the v oltage-current ( V-I) r elationships of  t he 
samples having cross-cuts were also measured. With the two 
voltage t aps s itting acr oss t he s cribing, t he r esistance was 
determined from the slope of the V-I curve. 

Using t wo different m ethods, t he e ffect of a virtual 
transverse cross-cut o n magnetic field penetration was 
investigated by measuring t he field d istribution when an ac 
perpendicular field was applied. For a 10×1.2 cm sample, the 
first m ethod t o understand the n ature o f f ield penetration 
utilized five s mall p ick-up c oils that were pos itioned on t he 
tape surface and in the middle of the sample. The coils were 
distributed along the length and the two coils at the ends were 
both 1 cm away from the end of the tape. The spacing between 
two adjacent pick-up coils was 2 cm. Under a peak ac field of 
15 mT at 50 H z, t he i nduced v oltage i n each o f the p ick-up 
coils was measured using a lock-in amplifier. 

The effect o f a virtual cross-cut on m agnetic f ield 
penetration i n be tween t he filaments w as al so ch aracterized 
using magneto-optical imaging (MOI). While an MOI sample 
is only 1.2×1.2 cm in size, the sample geometries were similar 
to that used for the field profile measurements with the pick-
up coils. The non-filamentized regions at the ends of the two 
samples similar to (C) and (D) in Fig. 2 were 2 m m long in 
this case. 

With r espect t o ac l oss ch aracterization, dc m agnetization 
versus magnetic field (M-H) loops were measured for samples 
with different g eometries using a  commercial S QUID-based 
magnetometer, a Quantum Design model MPMS-7, to further 
understand the effect of the cross-cut on the decoupling of the 
filaments. With a perpendicular maximum field up to 100 mT, 
the integral of an M-H loop was analyzed for the evaluation of 
the ac loss and the comparison of the different geometries. The 
size o f a magnetic measurement s ample was 5 ×4 mm. The 
non-filamentized regions at  t he e nds of t he t wo samples 
similar to (C) and (D) in Fig. 2 were 1 mm long in this case to 
reflect to the end effects 

AC losses of the s amples w ere m easured as f unctions o f 
peak ac f ield as w ell as  field frequency using a calorimetric 
method [7]. The measurements were carried out at 77 K with a 
sample immersed in l iquid n itrogen. A  thermometer was 
located in the center of the sample measured. To calibrate the 
generated heat, a resistive heater that was made from twisted 
copper wire w as bonded t o the s ample with e poxy a nd the 
sample as sembly w as placed in between two S tyrofoam 
blocks. Using a  solenoid magnet, a  perpendicular ac field up 
to 10 0 mT a nd u p t o 1 20 H z c an be  a pplied. The c alibrated 
relationship between the thermometer response and the power 
input o f t he heater w as u sed t o cal culate t he heat g eneration 
when an ac field was applied. The energizing of the calibration 
heater a nd t he a pplying o f t he a c f ield were b oth 5 s econds 
long. T he h eat p ulse w as r epeated s everal t imes to g enerate 
good s tatistics on t he thermometer r esponse to di fferent heat 
loads with a long enough time interval between any two pulses 
for the s ample temperature t o r eturn t o equilibrium. The a c 
loss sample size was also 10×1.2 cm and the geometries were 
same as those shown in Fig. 2.  

Finally, t he m icrostructure of the G dYBCO film was 

studied w ith a  f ocus on how t he laser scribing o n t he LMO 
buffer l ayer c hanges t he HTS f ilm structure. Cr oss-sectional 
TEM microscopy w as u sed to compare the structure o f the 
high quality GdYBCO in the normal region with the disrupted 
structure right above the cross-cut. 

III. RESULTS AND DISCUSSION 

A. Resistance of a Virtual Transverse Cross-Cut 
All V -I c urves obt ained f rom t he s amples ha ving virtual 

cross-cuts s howed ohmic be haviors. F ig. 3 shows ho w the 
resistance changes with the width of the cross-cut on the LMO 
buffer. T he width of a  c ross-cut was measured u sing o ptical 
microscopy as well as a s urface profilometer. Here, the width 
of the laser scribing was varied from 30 µm to 120 µm. Also 
shown in the plot as the solid line is the resistance calculated 
assuming that there is a 1.5 µm thick silver bridge right above 
the v irtual c ross-cut. The e lectrical current f lows through the 
silver bridge at the virtual cross-cut. Based on the thickness of 
the silver and an estimated contact resistance of 1 × 10-8 Ω-m2 

between t he Ag an d t he HTS f ilm, the cal culated transfer 
length is about 7. 5 µm. Then, t he length o f th e bridge is  
determined by adding two transfer lengths (one at each end of 
the br idge) t o the m easured l ength of t he c ross-cut. The 
measured r esistance i s h igher t han t he calculated v alues, 
suggesting t hat t he e ffective length of t he br idge c ould be  
longer than the measured width of the transverse cross-cut on 
the b uffer due t o the interface ch aracteristics. T he i mportant 
element t o e mphasize i s t hat t here i s a linear d ependence of 
the r esistance of  t he vi rtual c ross c ut on the wi dth of t he 
virtual transverse cross-cut. 
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Fig. 3.  Resistance across the virtual cross-cut as a function of the width of the 
cross-cut. T he measurement was  carried at 7 7 K in  liquid ni trogen a nd t he 
voltage tap spacing was 4 mm. 
 

The resistance o f a virtual cross-cut is an i mportant 
parameter as  i t d etermines t he r esistive l oss, the tradeoff i n 
implementing the cross-cut approach for reducing total ac loss. 
For p ractical consideration, t his r esistance should be  
minimized by minimizing the width of the cross-cut. 

B. Microstructure of a Virtual Cross-Cut 
The formation of  a  vi rtual cross-cut i n t he H TS film is 

simply due  t o t he de fective bu ffer s urface pr oduced by t he 
laser s cribing. Using t his m ethod, t he di sruption o f t he H TS 
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film s tructure is much e asier t han scribing d irectly i nto the 
superconducting l ayer w here t he t hickness of  t he f ilm is  
another parameter. T he m icrostructure o f t he GdYBCO film 
was inspected using the c ross-sectional t ransmission e lectron 
microscopy (TEM). In Fig. 4(a), the Z-contrast image obtained 
from wi thin the  vi rtual c ross-cut cl early s howed t hat t he 
microstructure of the GdYBCO film is random and defective. 
As a comparison, the GdYBCO film in a normal region which 
is away from the cross-cut has very good epitaxial structure, as 
shown in Fig. 4(b). 

   
                   (a)                                        (b) 

Fig. 4 .  C ross-sectional T EM Z-contrast i mages o btained f rom ( a) a r egion 
within the virtual cross-cut, and (b) a region that is  away from the cross-cut, 
showing the difference in the microstructures of the GdYBCO film. 

C. Magnetic Field Penetration 
Magnetic f ield pr ofiles were m easured u sing five pick-up 

coils t hat were positioned o n t he s ample s urface an d 
distributed along the length. Fig. 5 shows the field profiles of 
the four samples with different geometries as shown in Fig. 2. 
It is evident that the virtual cross-cut facilitated the magnetic 
flux penetration so that sample D had s imilar f ield profile as 
sample B  which was fully f ilamentized f rom end to end. On 
the contrary, sample C w hich was not fully f ilamentized and 
had no cross-cut showed a similar field profile as that for the 
control sample A. 
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Fig. 5.  Magnetic f ield p rofiles r epresented by the induced voltage f rom t he 
pick-up coils obtained as a perpendicular peak ac field of 15 mT at 50 Hz was 
applied to  the samples o f d ifferent geometries. The horizontal ax is indicates 
the relative locations of the pick-up coils. 
    

The effect o f t he cross-cut on f ield penetration wa s a lso 
evident from the results of the MOI inspection. Fig. 6 shows 
the MOI images of the two samples with and without a cross-
cut. The images were taken when the samples were zero-field 
cooled (ZFC) to 10 K and under an applied field of 80 mT. As 
both the samples were not fully filamentized, magnetic fluxes 
were blocked from entering in between the filaments through 
the ends. For the sample that had a cross-cut across the width, 
the field penetration was greatly enhanced. 

  

            
                     (a)                                         (b) 

Fig. 6.  MOI i mages s howing th e difference in  magnetic f lux penetration 
between sample (a) which had a virtual cross-cut, and sample (b) which had 
no cross-cut. The sample geometries were similar to that of sample C and D 
shown i n F ig. 2. T he t op a nd b ottom non -filamentized r egions wer e b oth 2  
mm long. 

D. DC Magnetization (M-H Loop) 
Samples u sed f or d c m agnetization m easurements ha d 

similar geometries as those shown in Fig. 2 but smaller s ize. 
The m easurements w ere car ried out at  7 7 K w ith 
perpendicular applied fields up to 100 mT. The M-H loops of 
the four different samples are shown in Fig. 7. The integral of 
an M-H loop, which is the loss per volume per cycle, is given 
by 

)1()(0 aa dHHMW ∫= µ  

where M is the magnetization and Ha is the applied magnetic 
field.  T he ca lculated l osses ar e 5.66, 1.14, 4 .05, a nd 1 .07 
J/cm3/cycle for A, B , C , a nd D,  re spectively. This r esult i s 
consistent with the field penetration observation.  
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Fig. 7.  M-H loops obtained from the dc magnetization measurements using a 
SQUID magnetometer at 77 K with perpendicular applied fields up to 100 mT 
for the four samples of different geometries.   

E. AC Losses 
Fig. 8 shows the ac loss measurement results for samples A, 

B, C, and D. The geometries of the four samples are indicated 
in Fig. 2.  For th e non-filamentized co ntrol sample A , t he ac 
loss w as high up t o a bout 10 W/m a t a peak pe rpendicular 
field of 100 mT. The ac losses of the fully filamentized sample 
B were about a factor of five lower than that of sample A. The 
close-end filamentized s ample C w ithout a  c ross-cut had 
relatively h igher a c l osses a t l ower p eak fields, but  w ith t he 
increasing of the peak field, the ac loss increase of this sample 
decreased. This was likely due to the flux penetration through 
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the en ds of t he s ample as  t he m agnetic f ield i ncreased. In 
comparison to the other three samples, sample D,  which was 
not fully filamentized but had a cross-cut, showed the highest 
ac loss. This high ac loss appeared to be inconsistent with the 
result of the field penetration study, suggesting that it might be 
caused by different heating mechanism. 
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Fig. 8.  AC loss measurement results of the four samples A, B, C, and D that 
had d ifferent geometries. The configurations o f the samples are indicated in  
Fig.2. 

 
To understand t he “ abnormal” hi gh a c l oss o f s ample D  

which had a virtual cross-cut at its center, further experimental 
measurements w ere car ried out  o n s amples w ith modified 
configurations. First, using chemical etching with 1:1 NH4OH 
and H2O2 solution, the silver bridge right above the cross-cut 
of s ample D was r emoved. The new s ample af ter t he s ilver 
removal was denoted as sample D*. The ac loss of sample D* 
was measured and is shown in Fig. 9. It can be seen that the ac 
loss d ropped s ignificantly a fter t he s ilver removal. T his 
change in the ac loss suggested that the measured total ac loss 
of sample D was mainly the resistive loss that was generated 
in t he s ilver bridge due t o t he i nduced circulating current 
under t he a pplied a c f ield. This h ighly localized r esistive 
heating was right at the center of the sample where happened 
to be the l ocation o f t he t hermometer. W hile o ur a c l oss 
measurement was b ased o n the thermometer response an d 
assumed a u niform temperature profile, the ac l oss measured 
for sample D should not be considered as a global behavior of 
the whole sample.  

To co nfirm this an alysis, a new s ample ( sample E ) w as 
fabricated a nd m easured. I nstead o f at  t he center, the v irtual 
cross-cut of  s ample E  wa s a t a  pos ition ne ar t he e nd of the 
filaments. The ac loss of sample E, shown also in Fig. 9, was 
low a nd c omparable t o t hat of s ample D *. Both s ample D * 
and E showed almost exactly same ac loss behavior as that of 
sample B which was fully filamentized from end to end. This 
would suggest t hat t he heating f rom t he c urrent t ransfer wa s 
highly l ocalized an d af fected t he measurement o f s ample D . 
Given t hat t he s tabilization o f t he t ested Y BCO coated 
conductors c onsisted only of  s ilver, t he e ffective t hermal 
conductivity o f t he ch aracterized co nductors was fairly l ow. 
With t his l ow t hermal c onductivity, l ocalized h eating o nly 
impacts the temperature profile within 1-2 cm, which has been 
confirmed t hrough 1-D f inite di fference m odeling. So b y 

moving the virtual cross-cut away f rom the center to the end 
of t he filaments, t he dr op i n measured a c l oss i n s ample E  
would support that the observed increase in ac loss in sample 
D w as d ue t o t his l ocalized heat ge neration. T his also 
emphasizes that the insertion of the virtual transverse cross-cut 
can cau se a m easurable r ise in t emperature t hat n eeds t o b e 
studied further to determine i ts r amifications on c onductor 
performance. 
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Fig. 9. AC loss measurement results of the three samples that had different 
configurations. The configurations of sample D and E are as indicated in Fig. 
2. Sample D* was made f rom sample D b y removing the s ilver bridge r ight 
above the cross-cut using chemical etching. 

IV. CONCLUSIONS  
It wa s demonstrated t hat a v irtual cr oss-cut i n t he 

superconducting la yer o f a n Y BCO-based co ated co nductor 
could be made by first laser scribing the surface of the IBAD-
MgO t emplate and t hen depositing t he HTS film a nd t he 
subsequent s tabilizing s ilver. Magnetic f ield d istribution 
study, M OI inspection and m agnetization m easurements 
indicated t hat t his c ross-cut f acilitated t he m agnetic f lux 
penetration in between the filaments which, in this work, were 
formed by laser scribing the HTS and the silver layer directly. 
The improved f lux pe netration ha d a n effect i n further 
magnetically decoupling t he f ilaments w hich i s a t echnical 
issue for long-length tapes when filamentization is used as an 
approach t o reduce ac l osses. P reliminary r esults o btained 
from s hort s amples t hat h ad the geometries s imulating l ong-
length t apes showed t hat t he pr esence o f a virtual c ross-cut 
could effectively reduce the hysteresis loss in the filamentized 
coated c onductors. The practical implementation o f this 
approach r elies o n t he tradeoff between t he r eduction of t he 
hysteresis loss and the induced r esistive loss which i s due to 
the i ntroduced r esistive b ridge r ight a bove t he v irtual c ross-
cut. Further experiments a nd a nalysis a re n eeded to quantify 
the l osses c ontributed f rom di fferent m echanisms. The 
optimization of  t he c ross-cut ge ometry is al so n eeded t o 
minimize t he resistive l oss. Future ex periments n eed t o b e 
carried on l oner l ength t apes or  prototype c oils t hat be tter 
reflect the conditions of real applications. 

Compared with scribing directly on HTS film and stabilizer 
layer, m aking a vi rtual c ut i n t he c oated c onductor i s m uch 
easier i n the control o f the processing. Therefore, t his 
approach could a lso be  ut ilized for the f ilamentization of  the 
coated conductors.     
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