
High-­‐Tc	
  superconductors	
  for	
  next-­‐genera5on	
  undulators	
  

Ulrich	
  Welp	
  
Materials	
  Science	
  Division	
  

Argonne	
  Na7onal	
  Laboratory,	
  Argonne	
  IL	
  60439	
  

OUTLINE	
  
•	
  Introduc7on	
  

•	
  YBCO-­‐coated	
  conductors	
  
•	
  Winding	
  schemes	
  



Introduc5on	
  

2	
  

λu~16mm	
   ~4	
  
mm	
  

B0	
  

g	
  
mag.	
  gap	
  

sc	
  coils	
  with	
  magne1c	
  poles	
  
Y.	
  Ivanyushenkov	
  

planar	
  undulator	
  

! =
!u
2!

1+ K
2

2
!

"
#

$

%
&!!!!!!!!!!E keV( ) =

0.95Ee
2 GeV[ ]

!u cm[ ] 1+K 2 2( )

K = 0.93B0 T[ ]!u cm[ ]

Name	
  of	
  the	
  Game:	
  	
  
As	
  much	
  current	
  through	
  the	
  winding-­‐block	
  as	
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  sc	
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YBaCuO Coated Conductors 

Highly	
  engineered,	
  commercial	
  products	
  
	
   	
   	
  (American	
  Superconductor,	
  SuperPower,	
  Fujikura,	
  Showa)	
  

Mul1-­‐layered	
  tapes:	
  
	
  avoid	
  grain-­‐boundaries	
  

	
  

Jc	
  (77K,sf)	
  ~	
  3-­‐5	
  MA/cm2	
  
	
  

Tc	
  ~	
  92	
  K:	
  T-­‐margin	
  for	
  cryo-­‐plant	
  
	
  

High	
  mechanical	
  strength	
  

•	
  Anisotropy:	
  
	
  	
  	
  conductor	
  shape,	
  Jc	
  vs	
  field	
  angle	
  
•	
  Jc(B)	
  
•	
  JE	
  ~	
  1-­‐2%	
  Jc	
  (Jc	
  decreases	
  with	
  thickness)	
  
•	
  no	
  sc-­‐joints	
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impacting the grid today … 
Albany, NY 

Columbus, OH 

13.2kV, 69MVA 

34kV, 48MVA 

Long Island 

138kV 
574MVA 

HTS	
  

Copper	
  

5x power capacity of copper in 
same cross-sectional area 
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T	
  =	
  4.2	
  K	
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V.	
  Selvamanickam	
  et	
  al.,	
  EUCAS	
  2011	
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T	
  =	
  4.2	
  K	
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J.	
  D.	
  Weiss	
  et	
  al.,	
  Nat.	
  Mat.	
  11,	
  682	
  (2012)	
  	
  	
  

FeAs-­‐superconductors	
  

JE	
  ~	
  7%	
  Jc	
  

Tc	
  ~	
  38	
  K	
  

Tc	
  ~	
  23	
  K	
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Self-­‐organized	
  BaZrO	
  columnar	
  defects	
  
	
  in	
  YBCO	
  films	
  

B.	
  Maiorov	
  et	
  al,	
  Nature	
  Materials	
  8,	
  398	
  (2009)	
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  length	
  

Splayed	
  amorphous	
  tracks	
  in	
  YBCO	
  films	
  
created	
  by	
  heavy	
  ion	
  irradia1on	
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T.	
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  al.	
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  (2004)	
  

14	
  nm	
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Collec7ve	
  
pinning	
  

Twin	
  boundaries	
  in	
  YBCO	
  with	
  columnar	
  defects	
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Stacking	
  
faults	
  

nanopar1cles	
  

Planar	
  
defects	
  

(RE)Ba2Cu3Ox	
  coated	
  conductor	
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Engineering	
  Vortex	
  Pinning	
  Landscapes	
  

Stacking	
  faults	
  due	
  to	
  forma1on	
  of	
  (RE)2Ba4Cu7	
  :	
  	
  
•	
  density	
  controlled	
  by	
  excess	
  (RE)	
  and	
  oxygena7on	
  temperature	
  
•	
  effec7ve	
  vortex	
  pinning	
  at	
  T	
  >	
  50K	
  
•	
  intrinsic	
  pinning	
  mechanism	
  due	
  to	
  inherent	
  layered	
  structure	
  

	
  effec7ve	
  below	
  30K	
  

(RE=Dy,	
  Ho,	
  etc)2O3	
  nanopar1cles	
  	
  20	
  –	
  30nm	
  :	
  
•	
  large	
  par7cles	
  associated	
  with	
  twins	
  
•	
  vortex	
  pinning	
  due	
  to	
  strain	
  fields	
  around	
  nanopar7cles	
  and	
  twins	
  

Motors	
  and	
  Generators	
  ~850	
  A/cm-­‐w	
  at	
  design	
  point	
  
• 30	
  K,	
  1.5T	
  field	
  oriented	
  along	
  c-­‐axis	
  	
  
• 30K,	
  2.5T	
  field	
  oriented	
  at	
  10o	
  off	
  ab-­‐plane	
  
• 	
  Anisotropy	
  of	
  Ic	
  for	
  H||ab	
  /	
  H||c	
  ~	
  1.5	
  to	
  2	
  	
  

H	
  ||	
  c	
  

H	
  ||	
  ab	
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However, the density and/or pinning potential of
these naturally formed defects is not high enough
to meet the performance requirements for the
various applications in question. To increase the
density of defects for effective pinning, there
have been extensive studies on introducing ar-
tificial pinning defects such as columnar de-
fects via heavy-ion irradiation (13), periodic
arrays of submicrometer holes (14), or magnetic
particles and/or nanoparticles (15, 16). Among
these, linear defects such as the columnar de-
fects produced via heavy-ion irradiation have
proved to be the most effective. This approach,
however, is not practical for scale-up because it
is not only too expensive but can render the
metallic substrate radioactive. A promising ap-
proach that simulated the defect structures
formed by heavy-ion irradiation was the incor-
poration of periodic columnar defects com-
posed of self-aligned nanodots and nanorods
of BaZrO3 (BZO) into the YBCO film (17, 18),
resulting in enhancement of the transport Jc. As
compared to YBCO films without the incorpo-
ration of self-assembled nanodots and nano-
rods, an improvement in Jc by a factor ofÈ5 in
the field range from 0.4 to 1.5 T at 77 K, and
an improvement of over a factor of 6 beyond
7 T, were obtained. Similar results have also
been partially reproduced in 0.25- to 0.3-mm-
thick films on IBAD substrates (19), indicating
the general viability of this approach. However,
in all of these previous studies, the films were
relatively thin (0.2 to 0.3 mm), and it was com-
pletely unclear whether it would be possible
to propagate such defects through the substan-
tially thicker films required to enable practical
applications.

Here we report large enhancements of crit-
ical currents and of JE in self-field as well as
excellent retention of this current in high applied
magnetic fields. This result was obtained by
fabricating thick YBCO films without any dead
layer, as well as by the incorporation of extended
columnar defects composed of self-aligned
nanodots of BZO during growth of the film.
Our films were prepared using pulsed laser
deposition on RABiTS (see supporting online
material).

Figure 1 shows field-dependent Ic versus
applied field at 77 K with the magnetic field
parallel to the YBCO c axis (H//c) for a 3.0-
mm-thick YBCO plus 2 volume % BZO film
on RABiTS. The Ic decrease is only a factor of
4.3 at 1.5 T. The self-field Ic of this film was
389 A, and the corresponding self-field Jc was
1.3 MA/cm2. The exponent a in the relation
Jc È H–a was determined to be 0.34 for this
sample as compared to the typical value of 0.5
for pure YBCO films, indicating strong pinning
for H//c for the BZO-doped film. The inset
shows the angular dependence of Ic at 77 K and
1 T, with the field always in the maximum
Lorentz force configuration. Part of the variation
of Ic with field orientation or angle is expected
because of the electronic mass anisotropy of

YBCO. However, the dominant peak for H//c
indicates that there is strong vortex pinning by c
axis–correlated defects in this film.

In the cross-section transmission electron
microscopy (TEM) images (Fig. 2) of 3-mm-
thick YBCO film grown epitaxially on RABiTS
with the configuration Ni-3 at % W (50 mm)/
Y2O3 (65 nm)/YSZ (185 nm)/CeO2 (30 nm),

extended columns of BZO nanodots aligned
along the crystallographic c axis of YBCO, the
growth direction of the film, can be seen. As in
the 0.2-mm-thick YBCO films reported by us
previously (17, 18), self-aligned BZO nanodots
were observed through the entire cross-section
of the 3-mm-thick YBCO film. Extended BZO
nanodots were formed from the bottom of the

Fig. 1. Ic versus applied
magnetic field for a film
of YBCO plus 2 volume
% BZO grown epitax-
ially on RABiTS. The in-
set shows the angular
dependence of Ic at 77 K
and 1 T.

Fig. 2. Cross-section TEM micrographs of a 3.0-mm-thick YBCO film with BZO nanodots grown
epitaxially on RABiTS. (A) Low-magnification image showing the entire cross-section of the film.
The contrast from BZO nanodots aligned along the c direction of YBCO can be seen. (B) Higher-
magnification TEM image showing the nucleation of BZO nanodots at the film/buffer interface. (C)
Higher-magnification TEM image showing that the columns of self-aligned BZO nanodots extend to
the top of the YBCO layer.

31 MARCH 2006 VOL 311 SCIENCE www.sciencemag.org1912
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Self-­‐assembled	
  BaZrO	
  nanopar5cles	
  

B.	
  Maiorov	
  et	
  al.,	
  Nature	
  Materials	
  8,	
  398	
  (2009)	
  

Combina5on	
  of	
  BaZrO	
  nano-­‐rods	
  &	
  par5cles	
  

reduce	
  
pinning	
  anisotropy	
  

Engineering	
  Vortex	
  Pinning	
  Landscapes	
  

current	
  
I 

FL	
  

FL	
   FL	
  

FL	
  

Fp	
  
Fp	
  

H	
  ||	
  c	
  

H	
  ||	
  ab	
  

c	
  



Proton	
  Irradia5on	
  –	
  doubling	
  the	
  cri5cal	
  current!	
  

12	
  

Au	
  foil	
  

collimator	
  

sample	
  
holder	
  

Western	
  Michigan	
  University	
  
Proton	
  Accelerator	
  Facility	
  

Beam	
  	
  
direc7on	
  

4	
  MeV	
  Proton	
  irradia5on	
  

•	
  cluster	
  defects	
  (~3nm)	
  

•	
  	
  weak	
  random	
  point	
  defects	
  
-­‐	
  defect	
  separa7on	
  ~	
  170	
  to	
  85Å	
  

Two	
  types	
  of	
  defects:	
  (1015	
  p/cm2)	
  

D	
  =	
  2.2	
  mm	
  

Thickness	
  =	
  1.6	
  μm	
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50K	
  
40K	
  

30K	
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  symbols	
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  -­‐	
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  of	
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pris7ne	
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JE	
  ~	
  800	
  A/mm2	
  

4	
  T	
  ||c,	
  27	
  K	
  

•	
  on	
  exis7ng	
  wires,	
  
	
  	
  	
  scale-­‐up	
  to	
  produc7on	
  level	
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However, the density and/or pinning potential of
these naturally formed defects is not high enough
to meet the performance requirements for the
various applications in question. To increase the
density of defects for effective pinning, there
have been extensive studies on introducing ar-
tificial pinning defects such as columnar de-
fects via heavy-ion irradiation (13), periodic
arrays of submicrometer holes (14), or magnetic
particles and/or nanoparticles (15, 16). Among
these, linear defects such as the columnar de-
fects produced via heavy-ion irradiation have
proved to be the most effective. This approach,
however, is not practical for scale-up because it
is not only too expensive but can render the
metallic substrate radioactive. A promising ap-
proach that simulated the defect structures
formed by heavy-ion irradiation was the incor-
poration of periodic columnar defects com-
posed of self-aligned nanodots and nanorods
of BaZrO3 (BZO) into the YBCO film (17, 18),
resulting in enhancement of the transport Jc. As
compared to YBCO films without the incorpo-
ration of self-assembled nanodots and nano-
rods, an improvement in Jc by a factor ofÈ5 in
the field range from 0.4 to 1.5 T at 77 K, and
an improvement of over a factor of 6 beyond
7 T, were obtained. Similar results have also
been partially reproduced in 0.25- to 0.3-mm-
thick films on IBAD substrates (19), indicating
the general viability of this approach. However,
in all of these previous studies, the films were
relatively thin (0.2 to 0.3 mm), and it was com-
pletely unclear whether it would be possible
to propagate such defects through the substan-
tially thicker films required to enable practical
applications.

Here we report large enhancements of crit-
ical currents and of JE in self-field as well as
excellent retention of this current in high applied
magnetic fields. This result was obtained by
fabricating thick YBCO films without any dead
layer, as well as by the incorporation of extended
columnar defects composed of self-aligned
nanodots of BZO during growth of the film.
Our films were prepared using pulsed laser
deposition on RABiTS (see supporting online
material).

Figure 1 shows field-dependent Ic versus
applied field at 77 K with the magnetic field
parallel to the YBCO c axis (H//c) for a 3.0-
mm-thick YBCO plus 2 volume % BZO film
on RABiTS. The Ic decrease is only a factor of
4.3 at 1.5 T. The self-field Ic of this film was
389 A, and the corresponding self-field Jc was
1.3 MA/cm2. The exponent a in the relation
Jc È H–a was determined to be 0.34 for this
sample as compared to the typical value of 0.5
for pure YBCO films, indicating strong pinning
for H//c for the BZO-doped film. The inset
shows the angular dependence of Ic at 77 K and
1 T, with the field always in the maximum
Lorentz force configuration. Part of the variation
of Ic with field orientation or angle is expected
because of the electronic mass anisotropy of

YBCO. However, the dominant peak for H//c
indicates that there is strong vortex pinning by c
axis–correlated defects in this film.

In the cross-section transmission electron
microscopy (TEM) images (Fig. 2) of 3-mm-
thick YBCO film grown epitaxially on RABiTS
with the configuration Ni-3 at % W (50 mm)/
Y2O3 (65 nm)/YSZ (185 nm)/CeO2 (30 nm),

extended columns of BZO nanodots aligned
along the crystallographic c axis of YBCO, the
growth direction of the film, can be seen. As in
the 0.2-mm-thick YBCO films reported by us
previously (17, 18), self-aligned BZO nanodots
were observed through the entire cross-section
of the 3-mm-thick YBCO film. Extended BZO
nanodots were formed from the bottom of the

Fig. 1. Ic versus applied
magnetic field for a film
of YBCO plus 2 volume
% BZO grown epitax-
ially on RABiTS. The in-
set shows the angular
dependence of Ic at 77 K
and 1 T.

Fig. 2. Cross-section TEM micrographs of a 3.0-mm-thick YBCO film with BZO nanodots grown
epitaxially on RABiTS. (A) Low-magnification image showing the entire cross-section of the film.
The contrast from BZO nanodots aligned along the c direction of YBCO can be seen. (B) Higher-
magnification TEM image showing the nucleation of BZO nanodots at the film/buffer interface. (C)
Higher-magnification TEM image showing that the columns of self-aligned BZO nanodots extend to
the top of the YBCO layer.
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Heavy	
  ion	
  irradaiton	
  
	
  	
  	
  	
  	
  	
  	
  	
  can	
  control:	
  
	
  

	
  defect	
  orienta7on	
  (angle)	
  
	
  defect	
  number	
  (dose)	
  
	
  defect	
  size	
  	
  (ion	
  size)	
  
	
  defect	
  shape:	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (ion	
  size	
  &	
  energy)	
  

θ	



9.6	
  x	
  1010	
  Pb-­‐ions/cm2	
  

Splayed	
  irradia7on	
  

Argonne	
  Tandem	
  Linear	
  
Accelerator	
  Facility	
  1.4	
  GeV	
  (U,	
  Au,	
  Pb	
  ions)	
  

Amorphous	
  tracks	
  
In	
  irradiated	
  YBCO	
  	
  

crystal	
  

Plan	
  view	
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YBCO-­‐coated	
  conductor	
  demo-­‐undulator	
  

14	
  

C.	
  Boffo	
  et	
  al.,	
  Babcock-­‐Noell,	
  KIT	
  (ASC	
  2010)	
  

5	
  mm	
  gap,	
  1.4T	
  on	
  axis,	
  16	
  mm	
  period	
  



Winding	
  tapes	
  

15	
  

All	
  coils	
  wound	
  in	
  same	
  direc1on	
  
	
  

50-­‐µm	
  Kapton	
  insula1on	
  
	
  

Solder	
  joints	
  
	
  

640	
  A	
  



Alterna5ve	
  schemes:	
  miniature	
  helical	
  power-­‐cable	
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V.	
  Selvamanickam	
  et	
  al.,	
  U	
  of	
  Houston,	
  SuperPower	
  (EUCAS	
  2011)	
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•	
  Commercial	
  state-­‐of-­‐the-­‐art	
  SC	
  wires	
  are	
  con7nuously	
  improving	
  in	
  performance,	
  
	
  	
  	
  meet	
  demands	
  for	
  SC	
  undulator	
  

•	
  4	
  MeV	
  Proton	
  irradia7on	
  induced	
  defects	
  can	
  double	
  the	
  cri7cal	
  current	
  at	
  high	
  
	
  	
  	
  fields	
  and	
  low	
  temperatures	
  
	
  
	
  •	
  Novel	
  winding-­‐schemes	
  for	
  undulator	
  applica7ons	
  

•	
  Engineered	
  defects	
  such	
  as	
  nano-­‐par7cles,	
  self-­‐assembled	
  columnar	
  defects,	
  	
  	
  
	
  	
  	
  stacking	
  faults	
  and	
  combina7ons	
  thereof	
  are	
  effec7ve	
  in	
  raising	
  Jc	
  and	
  lowering	
  	
  
	
  	
  	
  pinning	
  anisotropy	
  

Conclusions	
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