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Motivation

Magnetic field records in dipole magnets

Bi-2212
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Example: LARP Quad TQSO01
® Ti-6Al-4V poles
¢ 8 W&R cos O coils

@ 90 mm bore, > 220 T/m

02 T T T I
Longitudinal - -

0.1 F / Layer 1
@

How do Nb;Sn magnets work?
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Assembly 300 K 42K At field

Magnet status

Reversible strain!
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/\| m Why do Nb,;Sn magnets work?

BERKELEY LAB

Reversible axial strain dependence Pre-strain

4H<7 3D strain free
T T '/'I T
/( A

E700§- AR

600;— Reversible / \Reversible

400 F :
. C =476 -
Reversible means: 300 ¢ =643 ]
g =0273% Z
OAc =D AN(EF), Aﬂ'ep 200 & glr; - —0.054% _
»AT. and AH_, 100k ;
‘.AJ ot v vy ey ]

c 12 -08 04 00 04 08

* Slope depends on H and T Applied axial strain [ % ]

Godeke, SuST 19 2006
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‘Preliminary’ J. collapse Bend tests_IT wire:

e |rreversible
Unrelated ™ L2t

e Crack formation / vek €3

Axial strain tests IT wire:

30091, 1]

How can magnets fail?

250 +
elT, 41K
AT, 65K
N1 olIT. 42K
9T, 65K

150 =

100 4

50 4

e w2 ol leziifoy) RS umu,.ﬂ._, = , |
0 v : — — = arfler & Cu
' « Crack location TEHEHE*R J@ Stabilize

0.4 1 0.0 0.2 0.4 0.6
» Jewell, SUST 16 (2003)
» Godeke, TAS 9 (1999) This Workshopl
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eNb,Sn dipoles are limited to 17 -18 T
» Provided that strain can be handled

Limitations of NbTi and Nb3;Sn

NbTi: Bottura, TAS 10 (2000)
Nb,Sn: Godeke, SUST 19 (2006)

30 -~ - | | | I ! 1 ' | ! I ! I | ] — 4k T \ ' | ! 1 ! | | | | ! |
S~ ] ™ - 1.0 T
5s NN Godeke, JAP 97 (2005) ] E [ : 0.8 NbTi 5
N Maximum H ,(7") ] 2 X = 0.6 .
—_ . ? N \/ E — 3k@® ;Q 04 7 i —-
=20 1 2 [ 0.2 -
o [ 7 % - 0.0 L 1 7‘ L -
© [ Effective H., (T ] o - 00 02 04 g6 08 1.01
= ISk 16.T (65%) sene e (1) p 2 2k 1%102* ]
v - i 15} B J
2 r ) = i . 1
.S: 10+ 10.5."1“(80%) ] § ]
A 1 Sk i
5L NbTi AN b Zg -
r 24 at.% Sn ] o
- Bottura, TAS 10 (200 (OST 3 kA/mm?) 1 5 K L e\ ==== == ST TN
0 P RPN B U | P T T Ny & 0 1 L [ RPN SRR BRI s
0 2 4 6 8§ 10 12 14 16 18 20 :g 8§ 10 12 14 16 18 20 22 24 26

Temperature [ K |

Magnetic field [ T |

¢ A switch to Bi-2212 is inevitable: y,H.,*(4.2 K)=85 T
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Bi-2212 W&R subscale magnet program

Towards new magnetic field records

Material | Reaction Insulation | Quench
NbTi Ductile R&W Polyimide | > 20 ms?
Nb,Sn | 675°C Ar/Vacuum | S/R glass | ~20 ms
Bi-2212 | 890+2°C O, Ceramic | <0.05ms*

WIND-AND-BEEACT B1-2212 SUBSCALE COIL TEST COMFAIGURATIONS

Layout Turns poH [T] T-x [A] L[mH| P [MPa] F, [MPa] FP. [MPa]
Bi-2212 stand alone 2% 6 7.6 6213 0.036 1 0 10
Bi-2212 stand alone 210 490 5179 0,25 0.7 0 0.4
Bi-2212 common coil® 2% 10 5.8 4948 0,28 27 1.5 15
Bi-2212 dipole® 2% 10 6.6 4777 1.2 1.6 14 32
1x Bi-2212/ 2x NbgSn hybrid dipole®® 2 x 10 (Bi-2212) 8.5 4595 2.4 34 0 20

2 % 20 (%2 NbgSn)
1% Bi-2212/ 2x NbgSn hybrid dipole™ 2 x 10 (Bi-2212) 9.9 4486 (Bi-2212)

2 % 20 (%2 NbgSn) 6112 (NbgSn)
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Axial strain dependence early (~1993) 2212 tapes
e|ndependentofHand T

Typical axial tensile behavior in Bi-2212

| | — Pre-strain
¢ Always irreversible 0.2 — 0.4%

»Crack formation 1.0
ic ["]

J. collapse = T=42K,B=16T
0.8- OT=7TK, B=0T

e ]J_collapse point T
depends on pre-strain %67 .

F —{} =
” \\\\-
— g — 3y i

0.2 T T T T | 1
0.0 0.4 0.8 1.2

n}

» Ten Haken, PhD Thesis, 1994
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A . . . . . .
/\| W Generalized axial strain behavior in Bi-2212

3 regions
e| and Il
»J. collapses i [-] ! oo
» Significant cracks T”’ G s 2 W
ol Vs \
» Quasi constant 0.9 :/”/ S
e (Still irreversible) | n/D/ i zﬁi:g | I"\
| -0, |
& Quasi-elastic | o 19-L16T |
behavior 04 | RN
— 5, [%] ; i | ¢
e Small cracks? | . - : ——
(1.6 0.4 0.2 (0.0 0.2 0.4

*Length COrreSpOndS Fig. 1. The normalised critical current as & fupction of the axial

o pre-Strain strain. Measured on different samples for compressive and tensile
straims (measured at 4.2 K and 8 or 16 T).

» Ten Haken, ToM 32 (1996)
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A model for axial strain behavior in Bi-2212

Model...

i [ \ Unstrained Bi-2212_
-
I Pre-strained wire .- _ _|
) Y
A '
el |
Mormal wir:_'.’--,-
[0 et o Pre-strain
/ “« -
L =
,_;/_-;f"iv Thermal-strain N
-—
0 — 0y (%)

Fig. 2. The proposed description for the [{g,) dependence of Bi-

2212,

...and measurement

12 —15%/%
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Fig. 3. The normalised critical current as a function of the axial
strain measured on three pairs of pre-strained samples (measured at
42Kand 16 T).

» Ten Haken, ToM 32 (1996)

e All axial compressive strain
irreversibly reduces J,
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Repetitive ‘low’ strain variations
e All strain irreversible

Model and irreversibility

gt 2 The L vosus smdn 0 two wamples of condaoer 4. Fmt o oyclic
deformesion beraeen O ol 0 X559 gapl drgm and then heteeen O and
2% strmin. The dolul snd dobed lne Follows the messuming saquenos
Thes saded hess imdhcoleE o isouichig] { MensEEments anxd o doered lire 5
ased when ane oF mome sEemin oycben ore ekapped

» Ten Haken, TAS, 1997
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Axial strain measurer|ne§|j)t on Bi-2212 tapes:

Are these ‘cracks’ real...? (~1996)

adint; L
Radiation ~— | |I

e\Vith strain gauge 1 Strain adjustment
» Direct sl Kapton window -
i Sample fixation — -
e\\Vith X-ray = | BF ///
» |[ndirect : [
L shields

—[ Liquid He

Quter wall

Bottom plate

BSCCO-tape samst—— Kapton post

Strain gauge

X

Sample + holder

Force
—
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Apply external axial strain

Are these ‘cracks’ real...? (~1996)

@ Shift in 20 for 0020 peak -12®
= Proportional to strainin c Strain gauge ‘ C axis
direction (if elastic) #
»& =V & x-20 40000
| Counts 0010
25600 -
19600 T 0012
RN . 14400
! ‘(\ | 20 l
10000 -
6400 1 002 @
' 0016
3600 - | =
X=ray diffraction ] 'k\im
1600 - L,Jal | | ‘ 0028
- |
BSCCO-tape 400 1 Iw-b-ad ey , |1
Strain gauge - . ] W\"NJ

—  » 20 [deg]

» Ten Haken, PhysC 270 (1996)
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crenen) m Yes, these cracks are real (~1996)
Strain behavior
@ c-axis compression with axial tensile strain -20

» Elastic up to +0.2% axial Strain gaugeb*—»
® g oc 20

» Cracks above +0.2% a

60.04 -

BSCCO-tape

Strain gauge

60.03 -

60.02 -

60.01 . ! . !
0.0% 0.2% 0.4% 0.6%

» Ten Haken, PhysC 270 (1996)
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At J_ (e4iq) Plateau
e c-axis deformation
proportional to &, 0.1% 0.2%
e Elastic behavior 008y U S "

(C,-Q)IC, A X i

Outside J (&) Plateau e

Microscopic strain and |, Bi-2212

ec-axis is constant ¢, I

e Elastic behavior ©
disappears x (Co-CYCo Fﬁ\ﬁ/ S

e Crack formation e 04% ! 0.0% | 0.4% " 0.831;4

Strain gauge
» Ten Haken, PhysC, 1996
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Helium output

MOI on strained HTS: Cracks

Copper magnet Indicator film Grip

Window

Vacuum port Grip on movable
I stainless steel
Helium input T T block

“::\“ ! ) .. 1 :' ---- g
Stepper motor—> ‘ 7 J \ ;f ' Heater

Heliu&-cooled
base

Strained Bi-2223

Pressure gage—— & W

Unstralned Bi-2212 Strained Bi-2212

Filament

Filament

S L + pinhole
W \W} Filament

Filament

D.C. van der Laan — Ph.D. thesis, U. Twente 2004
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BERKELEY LAB

MOI and J. on strained HTS: Cracks

1|u -_H——'.—La-.
0.8}
= 0.6
§.. 1.0k a B awa k \. e V-]
;h_-:-k ilﬂ,_..l i ‘_k_q.: 1 A B-2
= 0.4} A T N -~
2212 A
\4 L]
il
0.2 AN
o 08¢ ' “a
0 L =) i % ’i\
%0 0.2 0.4 0.6 0.8 = LA . .
W ] % \
1|:|———H—H__.__.___‘__.:“__H_ 15t 2nd “-__-_-1-" : \:“L 3\
~ s 0.6 YBCO ! A
%
0.8k : VA
1 W i
A 1 Y "
. A |
0.8 1
s 0.0 - - : ,
= 0.0 0.2 0.4 0.6 0.8
= 0.4 & [%a]
2223
0.2}
a
0.0 - - —
0.0 0.2 0.4 0.6 0.8

D.C. van der Laan —I5r|1D thesis, University of Twente 2004
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Magnets made from HTS?

02 T T T I
Longitudinal\ - -
0.1F / i
< 0.0 . - o
E _ \.
s -0.1F -
=2 02+ —
(B
<G_ -
03 F Azimutal —ag i
_04 | | 1 1

Assembly 300 K 42K At field

Magnet status

How are we supposed to set new magnetic field records with
HTS materials that break into pieces under load?
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IGC Bi-2212 round wire, 7x61 filaments
Courtesy of Najib Cheggour — NIST

& 0.81 mm; Non optimized HT & 0.81 mm; Optimized HT

NE Nﬁ

E _I L ! ! ! ! E 350 T | T | T | T | T | T | T |

L 0tee—eeeerea 1 < 300} cecseetie

= - -°® s

E T 1 5 20 T

% [ T 2 o0} _ e ~05%

O 4ol 1 8 Rise!

= 5150+ il
= : — i \ il
° : © 100 Curvature!

= 20 - — =3 I I'll ]
O - T=4K \ ! O B0 |

© [ B=165T i T - L
o 0 T R B SR BN B o 0 . M A R R S .
= 0 01 02 03 04 05 06 07 E 02 03 04 05 06 07 08
O

Applied Strain, £ (%)

NH MAGNETIC TECHNOLOGY DIVISION
BOULDER, COLORADO
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Showa Bi-2212 round wire
Courtesy of Najib Cheggour — NIST

& 0.57 mm:; 19x37 filaments:

Non optimized HT

& 0.82 mm; 7x127 fil; Optimized HT

/ %nm“l“% ‘
Rise and / |
Ililll
.

04 05 06

Nﬁ N..--—\

£ =
10— 450 1 -

-E 4-" 'I' - ; . | | -E Lﬁk—LﬂFﬂL‘g*‘L_

< . < 400}

=, 100 | T . 1 < _

2 i e ~02% = 350}

- onset i

= 80 - {1 2

w i 300

5 BD_ % 250

O i 1 0O B

€ | = 200}

o 40f 1 & [ curvature!

= . = 150}

- = I

o 2D —T:q.K - 1 O 109 B T:'q'K

o B=165T . T | B=165T

Q D TR | (A T AN SN TN S NN NN SN N N N N 9 50"'||'IIIII||

= 0 0.1 0.2 0.3 04 0.t Eg 0 0.1 0.2 0.3

© in, & (%)

M
o - i

» £y

=
9 -1_‘
™y v
3 - g

»

Modern wires appear
much better than 15t
generation tapes

MAGNETIC TECHNOLOGY DIVISION
BOULDER, COLORADO

0.7



f‘\l A SuperPower MOCVD-IBAD YBCO

]
N \ Courtesy Danko van der Laan — NIST
What we need! o
e \VVery much like Nb;Sn |
@ No crack behavior mmfumg,,
. .. ﬂ..gﬂ ® o ."-
= (but electronic in origin...?) a _ Y e my
_'. 80
See: . 1 <
. 704 =
e Van der Laan, APL 90 (2007) . e
e Talk this workshop - 60 .

®  |oading g

Could we get this in a wire...? | . Unlloadmg -

-1.2 -0.8 -0.4 0.0 0.4

NH MAGNETIC TECHNOLOGY DIVISION
BOULDER, COLORADO
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® (Accelerator) Magnet community prefers reversible strain
behavior

» Though we could work around some irreversible reduction
¢ NMR type HTS insert magnets at NHMFL

Summary

¢ Crack formation dominates in (early generations) HTS tapes

e | atest generation wires appears much more promising

¢ YBCO rocks! (but for accelerator magnets we need wires...)
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Spare slides on transverse pressure
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A quick note on transverse pressure...

On short tape samples On cables
e \Worrying ? e OK'!
» Sensitive to proper experiment
1.1 4 10 tesia [.1 —71r r 1 r 1 ' 1 1 1 T 1T T 1
:-:;—:::.i " E 0 T=42K, 1l {=11T
e o 15 . c Y e ]
s N ~ 809 ~ i
3 l-,:'u Ty .: “»._\ -
I./f¢ B e g= ; \n
e <08} §
o8 R S
I I = 0.7 F -
074 D, = | —o—IGC MJR Twente (523-2)
Z 06l oD
0% T i : s [ —o—TWCA MIR Twente (501?) i
0 50 100 150 200 - -0 H R
s [0} [MPa] 0.5 1 | 1 I R N BN

Fig. 4 The relative ¢ .1' ity a8 a fumction.- of 0 25 50 75 100 125 150 175 200 225
the transverse pressure at 4.2 K. Applied transverse pressure [ MPa |

» Ten Haken, TAS 3 (1993) » Unpublished ~1993
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/\| Transverse pressure on Bi-2212 tapes

From the ‘House of Horrors’... = Very discouraging!

A Axial strain part

0.4

—_— gy [%]

T T T T T T T T T v T 1
-120 -80 -40 0
Figure 6.16: The normalised critical-current reduction of the Bi-2212 tape conductor (T-19) subjected to a

transversal pressure, measured on the F,// B transverse press. The measured I () is compared with two

lines representing the calculated I_ versus pressure dependence for two different Young's moduli (Eef= 20
and 3.5 GPa). '

B

» Ten Haken, TAS, 1993: PhD thesis, 1994
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Transverse pressure on Bi-2212 cables

Better than tapes...
e . but insufficient?

e imited to 60 MPa broad face load?

1000 - e

4T. 41K

gsu r—— - S ——
_ . * * @ ® Faze Loading
= L ]
Zoee0 - - - -
= .
E 940 -+
&)
= 920 - e -
=
T 900 ®
& e—— Unload
TT——
| 1 1 — P —— .
860 + —— N — . . .
) o 40 il &0 100 120 140 160 180
Stress (MPa)

» Dietderich, TAS, 2001

Critical Current (A
[ =]
=

:

i — W Edge Losding Right|
[ | [ I | 0T, 4.2K
]
e &
* & 9 @ . ]
. ——
- —'.__ &
] A0 100 150 200 250
Siress (MPa)

itical current (self-field, 4 K) with siress for a
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