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1. Introduction

Ultra-short:
Shorter than the established technology of
permanent magnet and SC wire.

If we develop undulator using static material,
spin or transport current limit
the performance of the undulator.



Bending Magnet limiting condition

Undulator or Wiggler

PR <t (1+K—2J < 13.05 Gy mamd [1+K—2]
2y 2 (E[GeV]) 2
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Requirement

1. Strong field in Short period

2. Field amplitude error < 1%

For Hard X-ray > 10 keV
20GeV A,=36 mm, B, ,=125T,K=4.2
14 GeV 4,=30mm, B, 4=11T,K=3

und

und

8GeV A,=18mm,B,4=13T,K=2.2

Technical gap
3GeV A,=5mm,B, ,=25T,K=1.17

3GeV A,=6mm,B,,=1.6T, K=0.9

und

und

3. Field phase error < 3.6 degree (1%)

_¢BoA L 933dBTT]

27 -myc



Recent trend of SR facility

Lower cost! :
S Higher performance!

Compact 3" generation SR facility . ..
with high quality electron beam

Max IV, NSLS-II, etc. :3GeV ¢g<1nmrad N =

6~8 GeV > 3 GeV -2 more compact!

Undulator period should be reduced ) L\ 1, 1 K e T (o] “Kz
ogethardXray (10kev). [ G

Required magnet: (Example)
E,=3GeV,12KeV require A, =5mm, B, =2T

Such Ultra High-performance Undulator was not established!
7



Design flexibility of Compact LS
using ldeal Undulators

10 | ] ] ] ]
1 Acceptable gap width
= and Strong Magnetic Field
o S Example:
% gap =0.75 n\1’fn\ P
= — e 3.0 A,=5mm,B,,=2.0T,[gap=2.5mm
% < 3 GeV K =0.93
A A =12 keV
1 _

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Gap/Period Short period
— %%IrjidPMU. , Strong field
- gg%ledebrldPMU (Hybrid *1.15)

SCU Enough gap



Toward inaccessible region

permanent magnet

10 | | | | | |
m BH(max) is :
approaching to the =
theoretical limit. =
2
3
m New material? a“il
m New structure?
Anisotropic Nanocomposite
Superlattice Ordering 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Gap/Period

i s PMU
These new material/structure —— R
-- i

are not established yet. CooledHybridPMU (Hybrid *1.15)

SCU
SCU .



(BH), ., (kJ/m3)

History of Permanent Magnet

Theoretical limit of Nd,Fe,,B: 64MGOe

Y 60
M. Sagawa 5 -
o
400p % o 50
< 20
oo S
— —
o C
r 40
20 i Nd,Fe,,B =
& o
i.l__ Sm2C0” E_
240r (Sm Pr)Co; _ | & 30
Ba, Sr-Ferrite ?n
160p
\ Sm,Fe,;N, 20
AINiCo
L Co-Ferrite pmk steel - 10
80 KS Steel \ _— MnAl
Carbon NKS Steel
0 Steel | . 0
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Toward inaccessible region

Superconducting wire

m Engineering Critical 10 ' ' ' ' ' '
Current Density of SC
wires are still increasing! %
E)
m Nb3Sn, NbTi, and £
REBCO CC are promising.
1 kA/mm?2 @ 4.2K or 2K

m New material

MgB, (2001)/ FeSC (2008)? 01 02 03 04 05 06 07 08
FeSC has high potential. Gap/Period

Tc: > 50 K i PMU

s HybridPMU .
Je: TkA/mm? @4.2 K =7 (ooledHybridPMU (Hybrid *1.13)
LaFeAsO, F, 1111 o107 —= &Y

ReFePnO fam”y 1111 Good Jc-B property is obtained for small bulk or single crystal.



NAIHONAL RIGH

AGNE'”C Engineering Critical Current ~

FIELD LABORATORY Density vs. Applied Field

.

104 m ‘ Maximal J, at 1.9 K tire LHC NbTi
4.2 K LHC insertion aximay J¢ a il for entire i
[ Nb-Ti quadrupole strand * strand production (CERN-T. Boutboul '07).
L 1 Reducing the temperature from 4.2 K
(Boutboul etal. 2006)
_>§ / | produces a ~3 T shift in J, for Nb-Ti
2 —
3 kA/mm <
(o'} ‘ |
SuperPower tape, 50 um
- substrate, 50 um Cu, 7.5% Zr,
N = | measured at NHMFL
E 55x18 filament B-OST strand with NHMFL = —
N b . . 50 bar Over-Pressure HT. J. Jiang et al.
1SN wire is S
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N — e -
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2. Bulk HTS
~ Potential of bulk HTS, How to make periodic field~



2 Potential of bulk HTS
~ How to make periodic field~

Permanent magnet: New material is not available.

Superconducting Wire: Practical level is 1 kA/mm?.

Bulk HTS ?
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Short-period Undulator and

Design flexibility of Compact LS
Short period 5-10 mm

High field >1T 0 2 1 2
Enough ga >2 mm A[A] /1"2 1+ 13056 |/L“[Cm]|2 e
sheap o\ 2 [lEGeviT]. 2
10 - 1 | | | | .
: /Ex\ahp@

a5

Can we get to the
“fresh ground” ?

Peak Field [T]

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Gap/Period
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Toward inaccessible region
3. Superconducting bulk

m Core part of superconducting wires have higher current density.
Bulk Jc

7 Core part Overall Wire J. (J¢)

e R REBCO: ~5

100 kA/mm?- *, MgB,: ~3

(TN
Nb-Ti il P O /
= @ Maximal J, for entire LHC Nb-Ti strand production + =0= o = - - Surem

10 kKA/mm? -/

106 -

-
— o —
-
=

(-) CERN-T. Boutboul 07, and (--) <5 T data from I I
' Boutboul et al. MT-19, [EEE-TASC'06) vera

< 0* P —— T e T ]
| NoTi e arond Q: o rosn (L S o
2 e G TSRS
= i
c F YBCO: B || Tape plane % T
o 3 bl
L X e
a] == = YBCO: B L Tape plane & g !
- = ) i
c 3L i . LN ‘
o 10 F X === 2212: OST NHMFL 50 bar O AT R N :
L' - X Nb-Ti: Maximal Je at - X C . ® ) / 2223: B || Tape Plane
5 C AL 19K etie Uic 2223 B Tape Plane 8- Bi-2223: B L Tape Surface s el e e
© B Nb-Ti )S NoTi strand Sumitomo Electric (NHMFL) ® o @Z TR
— < - . ©
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Potential of bulk Superconductor

Bulk superconductor can be used as

Very Strong Permanent Magnet

041

Bulk SC Magnet Permanent Magnet
Diameter :60 mm NeFeB
Temperature : 77 K

if it is successfully magnetized.

17



Field (T)

Performance of bulk HTS at low temp.

18
16
14
12}

10F

Y-Ba-Cu-O

Thickness :15 mm

Diameter: 26.5 mm

~17 T @ 29K

M. Tomita, M. Murakami,
NATURE Vol. 421, 30 January 2003

174 T

J. H. Durrell et al.,
Supercond. Sci. Technol. 27 0820001 2014

78 K \
A
Distance from the centre (mm) 1 7 6 T

M. Tomita, M. Murakami, 18



Performance of Bulk HTS material (GdBaCuO)

(B
\o)

105 1 I 1 I 1 I 1 I 1

sample A4
GdBaCuO (0.4x0.6x0.8(C axis) mm)
, Niplpon Steel QIMG® |
I 1 1 1 1
9% 2 5 6 3

Below 10 K, Current density
is 10 times higher than LTS wire Bext [T]

[
-



Material Jc = Core part of wires, Bulk HTS itself(overlay)

Critical Current Density (A/mm?, 4.2 K)

106 +
L %Q
&Q
103
3 q
- NbTi
- & % Maximal J,
(-) CERN-T.
" Boutboule

Q-A%O‘QQ.QQ —-

i J” ! )
for entttfe LHC Nb-Ti strand production
Boutboul '07, and (- -) <5 T data from

%%9, IEEE-TASC’06)

©=

LY
)

-
Critica@Q - urrent Densit® 7. (A/mm>)
]

102

Ieee— - -

4%

\% 55x18 filament B-OST strand with NHMFL

SuperPower tape, 50 um

substrate, 50 um Cu, 7.5% Zr,

measured at NHMFL

YBCO B 1 Tape Plane

-%@*&ﬁ-*%____

a\

'Nb-Ti: Maximal Je at
1.9K for entire LHC
NbTi strand
production (CERN-
T. Boutboul '07).

N Bronze
Process Nb;Sn

S\

B
D E'El'EI-EI-E-E---B----E----E- .......

2223: BL Tape Plane
Sumitomo Electric (NHMFL)

18 Filament (39% Filament in
CS) MgB,/Nb/Cu-Ni/Monel
(The OSU/HTRI SuST 2013)

1

%

4543 filament High Sn Bronze-16wt.%Sn-

0.3wt%Ti (Miyazaki-MT18-IEEE'04)

T T I O B B
T

3

% _ 8 "High-J,"
W

RRP®Nb,Sn

it
Compiled from ASC'02
and ICMC'03 papers
(J. Parrell OI-ST)

YBCO: B || Tape plane
==¢ = YBCO: B L Tape plane

1 kA/mm?

10 kA/mm?

«« == Bj-2223: B L Tape Surface
=0==NbsSn: Internal Sn RRP®
=@=Nb;Sn: High Sn Bronze
=y =Nb-Ti: LHC 38%SC
+ +X+ « Nb-Ti: High Field MRI

% Nb-Ti: 1.9 K, LHC Maximal
=== MgB,: AIMI 18 Filament

45

10 N T Y I I R - NSRS N Y N
0 5 10 15 20 25 30 35 40
September 2017 Applied Magnetic Field (T) WIAGLABR



How to make Periodic field using Bulk SC

O e
» Realistic!

Magnetize bulk HTS Array in SC Magnet » Possible?

Magnetize bulk HTS in SC Magnet
then
Move bulk HTS and Assemble Array

21



How to excite induction current in single bulk SC

External B-field is changed.
— Induction currents appear to
keep B-field in the bulk SC.

“External B-field is
trapped by bulk SC.”

Side View Side View

] - N

Partially magnetized Fully magnetized

It HTS Array is placed in SC Magnet...

22



Two configurations of HTS array

1. SPring-8 T. Tanaka et al. (2005)

2. Kyoto-U T. Kii et al. (2006)

Periodic magnetic field is generated. 2
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1. SCPMU (SPring-8)

Journal of _ . _
Synchrotron Puzle Itytpe superconducting permanent-magnet
Radiation unaulator

IS5M 0909-0495 2005

Takashi Tanaka,* Rieko Tsuru and Hideo Kitamura

Figure 1
An array of magnetized superconducting blocks that work as PMs.

Array

I
& . Superconductor - (&) T<T; -

" Coil to Generate
Uniform Field

/ @ T<T,
(]
Electron Be Figure 3
Method for magnetizing the HTSCs and eliminating the field offset in
Figure 2 type A.

Schematic illustration of the SCPMU.

Bulks have to be fully magnetized.



Figure 4
Method for magnetizing the HTSCs and eliminating the field offset in type B.

25
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4mm¢ X
mr:m\‘
Z
SE T, 5 314 5 6l7 B = Perlo.d length ?f 10 mm
S bl VRN A L L S G Gap is not defined
00 A - S S N (half array)

Magnetic Field (T)

25 . | | | | | . (b)
-15 -5 5 15
z(mm)

Figure 8. Measured magnetic distribution for the three pieces of
HTS bulk magnets.

Better performance will be obtained at lower temp.

Expected

210l 1 — exp(—k b) sin(k,a/2)
B =

und A, kb kja/?

exp(—k,g/2). (6)
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Bulk HTS Undulator (Kyoto-U)

We proposed
new structure using bulk HTS

Bulk HTS SAU =
Stacked HTS array + Solenoid

4.0 mm

< 2 5mm

Bulk HTS magnet

Solenoid
Copper insulator Refrigerant

T. Kii, et al.: Proc. FEL2006 (2006) p. 653.



Principle of Operation bulk HTS SAU (1)
Side view of “Bulk HTSC SAU”

Solenoid
Bulk HTS
Ay
electron bea} Magnetization
7 Vector
X >

Undulator field
4 1

X

> B
Undulator field is generated by superposition of magnetic field

Magnetic field is changed. : B

start end

29



Principle of Operation bulk HTS SAU (1)
Side view of “Bulk HTSC SAU”

Solenoid
Bulk HTS
A y m)
electron bea> Magnetization
7 Vectc;r’
X >

Undulator field
4 1

X

> B
Undulator field is generated by superposition of magnetic field

Magnetic field is changed. : B

start end
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Principle of Operation bulk HTS SAU (1)
Side view of “Bulk HTSC SAU”

Solenoid
Bulk HTS
A y m)
electron bea} Magnetization
7 Vectc;r’
X >

Undulator field
4 1

X

> B
Undulator field is generated by superposition of magnetic field

Magnetic field is changed. : B

start end

31



Principle of Operation bulk HTS SAU (1)
Side view of “Bulk HTSC SAU”

Solenoid
Bulk HTS
A y m)
electron bea} Magnetization
7 Vectc;r’
X >

Undulator field
4 1

X

> B
Undulator field is generated by superposition of magnetic field

Magnetic field is changed. : B

start end
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Principle of Operation bulk HTS SAU (1)
Side view of “Bulk HTSC SAU”

Solenoid
Bulk HTS
A y m)
electron bea} Magnetization
7 Vectc;r’
X >

Undulator field
4 1

X

> B
Undulator field is generated by superposition of magnetic field

Magnetic field is changed. : B

start end
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Principle of Operation bulk HTS SAU (1)
Side view of “Bulk HTSC SAU”

Solenoid
Bulk HTS

A y m)
electron bea} Magnetization

7 Vectc;r’

X -
Undulator field
X

11

Magnetic field is changed. : B, = B.q

Undulator field is generated by superposition of magnetic field

start

34



Principle of Operation bulk HTS SAU (2)

Axial field component: Bz = 0
If undulator total length is long enough.

//; s\\\\\\ /’/’ ‘
/P @ ? % -

AT is same! 35



Wire SC
Hybrid Und.

Analog to

Hybrid Und.

Bulk SC SAU

36



Advantage of the Bulk HTS SAU

(1) Bulk HTS can be magnetized using single solenoid.
(2) 10 K operation is enough. : Easy cooling.
(3) No mechanical component.
(4) Cold mass is very small.
( All the cooled component is placed in @ =75 mm RT bore)
(5) Bulk HTS can be effectively cooled by copper insulator.
(6) Magnet sorting technigue can be applicable.
(7) Radiation irradiation improve J. performance. (Benefit > Damage)
(8) Fluctuation of the critical current density for each HTS is
automatically suppressed.
(9) Local magnetic field property can be controlled
by using machined bulk HTS / ferromagnetic plate.

Challenging issue of the Bulk HTS SAU

(1) End field termination is not easy.

37



Prototype &

| He Cryostat
2T SC solenoid

—

Period : 10 mm

Gap : 4 mm

Number of Period
6

GdBaCuO Tc 91 K
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Experimental demonstration
R. Kinjo, et al., Appl. Phys. Express 6 (2013) 042701

AB-B,,4 FieldCooling
AB-B,,q ZeroFieldCooling 0 --> .2 T
®

0.85T, o
A, 10 mm ’
Gap: 4 mm,

AB=05T
AB=10T
AB=20T
AB=30T
AB=40T

Aung = 10.0 mm
gap = 4.0 mm
T<10.0K

T <10 K (about 6 K)

-3000  -2000  -1000 0 1000 2000

Position [step]

B Numerical expectation

50 40 20 0 20 40 60 Gapg=4.0 mm

Position [mm]

% 4 B | | S IRc—’:%erelllcc—:‘'__ JC 18 kA/mm2

= 2r 1 4B=15T

E _2__ - B,.g=24T

;5 s 1 Period 4,,, =10 mm
5



Demonstrated and expected parameters

10 | | | | | |
= _
o - N .
D) \\ ° Expected:
[ ~. A,=10mm,B,,=2.4T, gap=4mm |
4 NSO

<

O
&=

1

Expected:
A,=10mm, B, ,=0.85T, gap =4 mm

und —

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Gap/Period

0.8
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Status of development

1. Method to reduce field error.

2. Numerical model for Fast simulation.
3. Method for End Field Termination.

|

4. Next prototype.

1. Bulk sorting + Precise machining + Shim film
2. Loop current modeling

3. Additional bulks to the end part

4. 6T solenoid + HTS array

41
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Numerical Model (1)
10 period stacked array

@ 252 mm

Single bulk SC



5.0 mm

— Numerical Model (2)

Single bulk SC

Sliced into 20 layer

43
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Numerical Model (3)

1000 x 2 loops

Single layer

1000 x 2 x 20 x20 = 800,000 loops



Magnetic Field B [T]
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Numerical Results (1)

B s e LA L L B B B B
I Numerical estimation AB=4.0 T Ur?dulator field amplitude
1k . is well reproduced.
0.83T
- | | | | T
| n n | Exe. o0.85T
_ { Calc.0.83T
0
I | — AB=05T
-0.5F — — 4B=10T
— AB=20T
i AEEEEEE 1 B L o
_1 B u u N And = 10.0 mm
gap = 4.0 mm
B b T<10.0K
_].51 I A S T S LSS Y S TS S S N S S - 173000 2000 <1000 0 1000 2000
=100 -80 -60 -40 -20 0 20 40 60 &80 100

Position [step]

Position [mm]



Undulator Field B [T]

Axial Field B [T]

Numerical Results (2)

J. =18 kA/mm? AB =15T
4 L L R SN B S p— —

B Reference |
2F _
0

ok _
4T LV l l | l l ]
60 40 -20 0 20 40 60
6 Position [mm]
| | 1 — | |

® B, remains at the end part.

46

B,.g =24T
_ Aypg =10mm
1Gapg=4.0 mm



Numerlcal Results (3) EFT

=l
Q5]
o
o 0
S
= 0.5
5
= -1
=
5 -1.5
=1
Q
=
0
]
=
>
<

2

[rr— | = F“"{\ "'ﬁ ﬂ /\rﬁ "——" lj

i I— o / L IR R JI L J\L__J __'
: [ — |\ r T Fy - -
N N\J - B

L | ....... I — —_— » L L1Ld d L v -
_ By -
] ] ] ] ] ] | ] ] ] ] ] ]

L
-80  -60 40  -20 0 20 40 60

Normal End

Terminated End Position [mm]

b e hd

2 (R s R e I S N AN

e d b d e d e d ed b L_J

R0 60 40 20 0 20 40 60
End part is well terminated.
B, is reduced at the end part.
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Conclusion
Potential of Bulk HTS:

Higher J. 10 kA/mm? is possible at 10 K.
Bulk SC Array can be used as undulator.
Bulk SC SAU is under development.




Conclusion
Potential of Bulk HTS:

Higher J. 10 kA/mm? is possible at 10 K.
Bulk SC Array can be used as undulator.
Bulk SC SAU is under development.

Possible configuration: A, =10 mm gap =4 mm

400 MeV B, =1.23 T K=1.14 A=13.5 nm
1GeV B, ,=2.00T K=1.86 E,=0.34 keV
3GeV B, ,=1.00 T K=0.93 E,=5.95 keV
3GeV B, ,=1.23T K=1.14 E,=5.15 keV
3GeV B, ,=2.40 T K=2.24 E,=2.44 keV

250 GeV B, ,=1.00 T K=0.93 Ey=41.3 MeV

250 GeV B, =1.23 T K=1.14 Ey=25.8 MeV

250 GeV B, =2.40 T K=2.24 Ey=16.9 MeV



Bulk SC may lead us to “fresh ground”

Peak Field [T]

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Gap/Period
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7

Design example for Helical SAU

Ong period of
iral is divided
ihto 6 bulk HTSs.
Arc lines are
modified to
straight lines.

Colored area
represents
supercurrent
in each HTS
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End field termination 1

Thin bulks are used at the end

T ]
0.04 - Thickness of end bulks [mm]
—— 5 (Default)
0.03 —4
| —3
0.02 |-
t;‘ 0.01
<= g
. 0.00
Thickness
-0.01 |

0,02} ]
I»' » ‘ -100 -50 0

Z [mm]
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Gap is extended at the end (Low height bulks)

»

Gap

End field termination 2

»

0.04

0.03 -

0.02 -

0.01}

B, [T

0.00

-0.01 +

-0.02

Gap at end [mm]| .
——4 (Defaullt) |

-100

50
Z [mm]
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End field termination 3

Additional bulks are attached at the end

‘ Calc.
—o— Exp.

0 20 40 60

[%]
a8} B o Los]

‘netration Ratio

Penetration Ratio
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62
Influence of J_difference (numerical simulation)

Assumed condition Lo 0% B .o 0%
J.5 kA/mm?
Target peak field uniformity < 1% will be obtaind for Jc uniformity of 5%
1,5 I I I I I I I
1_ —_
osENAAAAAAAAAAARANARR N
E |
ERd
m ; -
OSH VYV VUV VYV VYUV VUV VTV
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Influence of J_difference (numerical simulation)

Assumed condition Lo 0% B .o 0%
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Influence of J_difference (numerical simulation)
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Influence of J_difference (numerical simulation)

Assumed condition Lo 0% B, @ OB
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Influence of J_difference (numerical simulation)

Assumed condition Lo 8% B, & 0k
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Target peak field uniformity < 1% will be obtaind for Jc uniformity of 5%
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Influence of J_difference (numerical simulation)

Assumed condition Lo 8% B, & 0k
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Influence of J_difference (numerical simulation)

Assumed condition o 18% B, & D
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Influence of J_difference (numerical simulation)

Assumed condition o 18% B, & D
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Influence of J_difference (numerical simulation)

Assumed condition o 18% B, & OBk
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Influence of J_difference (numerical simulation)

Assumed condition o 18% B, & OBk
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Influence of J_difference (numerical simulation)

Assumed condition o 18% B, & OBk
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Target peak field uniformity < 1% will be obtaind for Jc uniformity of 5%
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