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Introduction

Why High Temperature Superconductor (HTS)
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Introduction
ReBCO Coated Conductor

Electroplating

Copper Stabilizer

Sputtering

Silver Overlayer

MOCVD
(RE)BCO - HTS (epitaxial)

IBAD/Magnetron Sputtering
Buffer Stack

Electropolishing
~0.2 ym Substrate

« Hastelloy® C276 substrate
* high strength
* high resistance
* non-magnetic
« Buffer layers with IBAD-MgO
» Diffusion barrier to metal substrate

* ldeal lattice matching from substrate through
ReBCO

«  MOCVD grown ReBCO layer with BZO nanorods
*  Flux pinning sites for high in-field /.
Silver and copper stabilization
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Introduction
Background of the project

A research and development project of

fundamental technologies for cryocooler-cooled
accelerator magnets using coated conductors

Strategic Promotion of Innovative Research and
Development Program (S-Innovation Program) funded by
the Japan Science and Technology Agency (JST)

Medium field ~5T
10~20K operation for higher efficiency and stability
Target applications :
FFAG accelerator for Carbon cancer therapy
Accelerator-driven subcritical reactor (ADSR)

K. Koyanagi, EUCAS 2015 ; TOSHIBA (‘{) NIRS @)




Introduction
Outline the project

Challenge to functional, efficient, and compact

Name of project

Objective

Future applications
Project manager

Participating
institutions

Period

Funding program

N. Amemiya, EUCAS 2015

accelerator system using high T, superconductors

*R&D of fundamental technologies for accelerator magnets
using coated conductors
*Constructing and testing prototype magnet

«Carbon caner therapy
* Accelerator-driven subcritical reactor

Naoyuki Amemiya (Kyoto University)

Kyoto University, Toshiba, KEK, NIRS (National Institute of
Radiological Sciences), JAEA

Stage |: 01/2010 — 03/2012
Stage II: 04/2012 — 03/2016
Stage Ill: 04/2016 — 03/2019

Strategic Promotion of Innovative Research and
Development (S-Innovation) Program by JST
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Introduction

Project overview and key R&D issues at stage | & Il

———————————————

- - - Design study --- r-- -

|
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: $ |
|
: Magnet 3D winding
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— Stage | and II: to establish fundamental technology ——
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Model magnet

Stage lll: to demonstrate function of beam guiding

Prototype magnet

N. Amemiya, EUCAS 2015
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Introduction
Prototyping of non-circler REBCO-CC coils

K Koyanagi, et al.: IEEE Trans.

Appl. Supercond., vol. 22, no. 3,
Art. No. 4101904, 2012.

Takayama, et al., Abstracts of CSJ
Conference, Vol. 87 (2013) p.142

K Koyanagi, et al.: IEEE Trans.
Appl. Supercond.,” vol. 23, no. 3,
Art. No. 4100904, 2013.

Takayama, et al., IEEJ Conference.
Vol. 5. P.179 2012.

Complicated shaped coils are needed for FFAG in order to ensure
a precise magnetic field distribution

K. Koyanagi, EUCAS 2015
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Introduction

Coil design for the Spiral-sector FFAG accelerator magnet

birds-eye view

top view

K Goda, et al.: IEEE Trans. Appl. Supercond.,” vol. 24, no. 3, Art. No. 4402605, 2014.
Update result will be presented MT24 Oct18~23 2015

The characteristic parts of this design:
Negative-bend part
Three dimensional bending part

K. Koyanagi, EUCAS 2015

rostisa . @) nirs (@3



Introduction

Influence of Shielding Current
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Objective

m Design of the Model Magnet
- To generate a nonlinear magnetic field within a racetrack cross-

sectional beam duct, similarly to the actual FFAG magnet

m Demonstration of winding technology for YBCO coils with complicated

three-dimensional winding shapes

m Confirmation of the dimensional accuracy of the YBCO coils and the

influence of this accuracy on the magnetic field

K. Koyanagi, EUCAS 2015
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Magnet Design

"Model magnet"” - reduced-size test magnet -

GM cryocooler

iron yoke
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Calculated field distribution of the
model magnet on the midplane

The magnet was designed to generate
asymmetric, non-linear field

Fac - -

Outer view of the model magnet

K. Koyanagi, EUCAS 2015 rosuisa - @) NiRrS @

12




Magnet Design

Specifications of the YBCO coils

A

A
B
C
D v
E -~
top view side view “| birds-eye view
S NI
parameter
Outside dimension, x-axis, mm 139 228 308 250
J Outside dimension, y-axis, mm 100 146 185 215 100
= Minimum bending radius, mm 20 58 98 130 26
front view negative-bend radius, mm 3262 3186 3035 2884 2700
Radius of the duct curvature, mm - - - - 150
Number of turns 100 100 60 50 50
Total tape length / coil, m 795 940 706 684 75.0

Number of coil 6 6 6 6 2

rosuisa - @) nirs @)

K. Koyanagi, EUCAS 2015
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Coil fabrication

coilA,B,C,D coil E
(deformed flat pancake coils (including a negative-bend part and
with negative bend) a three-dimensional bent part)

Fabrication of these coils is underway using YBCO coated
conductors (width: 4 mm, thickness: 0.1 mm)

rosuiEa | @@ Nirs @3

K. Koyanagi, EUCAS 2015 14




Coil fabrication

Measurement of V-I characteristics

1.E-06 ¢ =
- 77K . A
| :A .
® coil A n
TEO7 ] vcoilB | = o ®
— AcollC | = .
g ®coil D JA
S mcoillE | * .
o 1.E-08 [ n
& F ot a
% ]
- Pty -“ﬂ-ﬂﬂ
1.E-09 ¢ A
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1.E-10 e
10 100
Current (A)

From the V-1I characteristics in an electric field in the region of
10-8 V/m, index values of above 20 were obtained
Degradation-free superconducting propertles were confirmed

hlrictirad®t NIRS @2

K. Koyanagi, EUCAS 2015 15



Dimensional accuracy of the HTS coils

A number of factors are considered to cause a deviation between the

generated and designed fields of the HTS accelerator magnet ;
= Positional misalignment of each turn within the coil cross-section
= Dimensional deviations of the YBCO tape and other winding materials

Displacement of the relative positions of multiple coils

= Misalignment between the coil unit and the cryostat or iron yoke

= Magnetization of the tape conductor,
etc.

K. Koyanagi, EUCAS 2015 @) TosnEn Q) nirs @3
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Dimensional accuracy of the HTS coils
Roughness of the YBCO coil surface

Laser displacement meter

[ bumpy surface

-
. YBCO tape

enlarged schematic view of the coil surface

o confirm the positional displacement of each turn in the YBCO coil

quantitatively, the roughness of the YBCO coil surface was measured

rosuisa - @) nirs @)

K. Koyanagi, EUCAS 2015 17




Dimensional accuracy of the HTS coils
Roughness of the YBCO coil surface

YBCO tape

[coilbobbin

ol

averag

N

verage
standard deviation

-0.006036
0.03211
417
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S

frequency
w
o
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2000 4000 6000 8000 10000 12C t°or

Position ot the tape (thickne e
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relative height

From this measurement, a positional misalignment of 32.1 pm in the tape

edge direction was obtained

K. Koyanagi, EUCAS 2015 18




Dimensional accuracy of the HTS coils

Causes of the positional misalignment of each turn

Deterioration of the positional accuracy Dimensional deviations of
in a coil winding process the YBCO tape

g . YBCO tape . .
oil bobbin M YBCO tape

Roughness of the YBCO coil surface was due to both the winding
accuracy and the deviations of the YBCO tape itself

g TOSHIBA & o s
o:]'“ “’:“% Leading Innovation >>> CﬁIR
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K. Koyanagi, EUCAS 2015 19



Dimensional accuracy of the HTS coils

Measurement of tape width and thickness

- o S
¥

m
-

tape reel —
(take-up)

A prototype apparatus for continuously measuring the width and
thickness of the tape was newly developed

oshEs, @@ wirs @

K. Koyanagi, EUCAS 2015 20




Dimensional accuracy of the HTS coils

Measurement of tape width and thickness

product No.1 (std. deviation : 19.3 pm)

4140
4120
4100
4080
4060
4040

tape width [um]

o

tape width [um]

0 10000

20000 30000 40000 50000

position [mm]

4140
4120
4100
4080

4060

4040

32000 32200 32400 32600 32800 33000

position [mm]

No [mm] [um] [mm] (*)

#3
#4
#5

4.0944
4.0865
3.9711
4.1231
4.0627

19.3
46.0
8.47
12.4
43.2

275
279
277
256
320

(*) Cycles were calculated using FFT.

The width were measured every 10 mm for the longitudinal direction

Standard deviation of 19.3 pym in the tape width was obtained

K. Koyanagi, EUCAS 2015
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Dimensional accuracy of the HTS coils

Separation of the causes due to the winding accuracy

coil bobbin

roughness of the < = -
coil surface
Deterioration of the convolution Dimensional
positional accuracy deviations of
in a winding process the YBCO tape

stdev = 32.1 pm stdev = 19.3 pm
(measured) . (measured)
deconvolution

stdev = 12.9 pm

The deterioration of the positional accuracy in the coil winding

process was calculated to be 12.9 ym via deconvolution

K. Koyanagi, EUCAS 2015 29




Field calculation

Field analysis model with the dimensional error

1
Coil surface with no deviations positional deviations of 100 pm

(Reference) 37 38 39 40 41 42

- w idth 0025 mm ] 37 38 39 40 41 42
w dth 0.05[mm ] v .
- 40 4 - w dth 0.10 [mm ]
30 ] P

40 - |

15 1 /
20 20

10 H

” 4
5 .
0
0

K. Koyanagi, EUCAS 2015
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Field calculation

Influence of the dimensional errors of the YBCO coil on the magnetic field

2.0E-04

15E.04 — AB/B(std.dev. 0.025 mm)
- — — AB/B(std.dev. 0.050 mm)

1.08-04 ¢ - = AB/B(std.dev. 0.100 mm)

0.8 0.85 0.9 0.95 1 1.05 1.1

Magnetic field accuracy was defined as the field difference between

the original and the deviated model
Influence of the dimensional deviations of the YBCO tape within the

coil was sufficiently small

rosHies . @ Nirs @Y

K. Koyanagi, EUCAS 2015 o4



Field calculation

Field analysis model with the coil alignment error

Bottom coil alignment error

o) — :
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Field calculation

Field analysis model with the coil alignment error

uuuuuuuuuuuuuuuuu

= AB/B(x 1mm)
~—AB/B(y 1mm)
= AB/B(z 1mm)

T
0.9 0.95 1 1.0 11

r[m]

Bottom coil mis-alignment of 1mm for x. y. z direction each
X: 1.04%, y: 0.48%, z: 0.04%

Accuracy better than 0.1mm is required to achieve 0.1%

rosuisa - @) nirs @)



Conclusion

m A YBCO model magnet was designhed to demonstrate winding technology for

producing YBCO coils for FFAG accelerator magnets.

m YBCO coils with complicated three-dimensional winding shapes were

fabricated, and degradation-free superconducting properties were confirmed.

m The dimensional accuracy of the YBCO coils and the influence of the accuracy
on the magnetic field were investigated. From measurement of the dimensional
deviations and the field analysis, the effect of the dimensional deviations was

found not to be a serious issue for the magnetic field.

m except for error associated with conductor thickness...
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Many thanks for your attention

This work was supported by Japan Science and Technology

Agency under Strategic Promotion of Innovative Research and
Development Program.

K. Koyanagi, EUCAS 2015 @) TosnEn Q) nirs @3
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Introduction

Development of HTS magnets aiming to miniaturization of a main ring
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Dimensional deviations of the YBCO coils
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Dimensional deviations of the YBCO tape
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