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Structure

Structure of the thesis is hidden in the presentation in it’s logical context

1. Background of the thesis subject
2. Objectives of the thesis

3. Hypotheses of the thesis

4. How to reach the objectives?

5. Schedule

6. Discussion
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1. Background of the thesis subject

Future high energy accelerators will need much higher magnetic fields in the range of 20 Tesla. The
EuCARD-2 work-package-10.3 is a collaborative push to take HTS materials into an accelerator quality

demonstrator magnet.

The demonstrator will produce a magnetic field of 5 T in the aperture when operated in standalone and
between 17 T and 20 T, when inserted into the 100 mm aperture of Fresca2 high field outsert magnet.
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Figure 2.1: Schematic of the cross section of a SCS4050 Y BCO coated conductor as provided by SuperPower.
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This thesis is focusing on two magnets: 1. Background of the thesis subject

Aligned block layout for the YBCO insert magnet for the EUCARD-2 project named Five Tesla HTS
Research Magnet (FeaTHeR).

Because of the technical complexity of such a YBCO insert magnet it will be near impossible to
successfully manufacture and test the final magnet on the first attempt. Therefore it was decided to

start with a series of smaller magnets, in order to provide a playground for testing the necessary

novel techniques without risking long lengths of expensive conductor.

This series of YBCO Magnets are numbered as Feather-MO (FMO) and Feather-M2 (FM2) Where y
FM2 is the final magnet that meets the EUCARD-2 requirements. > g Ao

Fig. Nicholas Peray




1. Background of the thesis subject

HTS Development
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1. Background of the thesis subject
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Figure 2.11: Calculated fieldlines for a 2D cross section of the Feather-M2 magnet. On the left side standalone in
iron yoke and on the right side in a 13 7" background field.
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1. Background of the thesis subject
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Figure 2.12: Percentage on the loadline for a operating current density of ~ 650 A/mm? (homogeneously distributed
in the blocks), the required current density to reach 5 7" in standalone operation.



1. Background of the thesis subject

» The critical current of REBCO keeps improving
» Cost per ampere decreases

» Very high current density wires are already demonstrated on short lengths
(Houston University)

» High current density close to the aperture leads to highly efficient magnets

» At these current densities classical quench detection and protection no longer
work.

Thanks to J. Van Nugteren



1. Background of the thesis subject

» This leads to many questions regarding quench and stability
» What is the origin of heating and how fast is it deposited?

» Can we detect thermal drift before the current sharing
temperature is reached?

» What margin would be sufficient in an accelerator?
> ...

Thanks to J. Van Nugteren



1. Background of the thesis subject

t=1250.0000 s, | =4202.44 A,Bx=14.00T, By =0.00T,Bz=0.00T

Y [cm|

If you add current source and sinks on either end of the cable the transport current can be simulated
It flows mainly on the edge of the tapes (screening)
A normal zone can be created by firing a heater (like placing a stone in the river)
What we see is that the current flows around it creating higher current density areas next to the normal zone

This causes the tape to quench very quickly over its width.

Thanks to J. Van Nugteren



1. Background of the thesis subject

Ramp over critical current

Beam loss (should be caught by beam loss monitors dumping beam
immediately)

Cryogenic failure (very slow large time to detect)

Conductor movement (need more than bad design, should not
happen)”

Mechanical failure (bad design, should not happen)

AC-Loss (need to ramp slowly)

Can we make the magnets easier to replace?

Thanks to J. Van Nugteren
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1. Background of the thesis subject

Very local heating
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1. Background of the thesis subject

Reaction Time for Feather-M?2 Aligne
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1. Background of the thesis subject

Copper Rlngs Some sort of Transformer
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Thanks to J. Van Nugteren



Stability

* The temperature margin on Feather-M2 is ~40 K
at worst point (if not better)

* This is excelent news because the heat capacity

increases rapidly with temperature

* MQE is estimated to be on the order of 100 mJ per

tape

 How well do the strands work together and thus
the question on the current sharing?
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2. Objectives of the thesis

Thesis objectives

To summarize, the objectives are

e To find via modelling and prototyping optimal Roebel cable structures and coil winding
method

To find via modelling and prototyping adequate magnet design

To find potential new technologies for quench detection/protection

To test technologies proven on LTS for quench detection on HTS

To study if piezoelectric sensors can be used in AE diagnostics of a quench event.

To learn how to use FBGA for data read-out.

For more info on thesis objectives, read research plan in Indico

15.12.2015, Jaakko Murtomaki



3. Hypotheses of the thesis

Hypotheses

Hypotheses of the objectives are:

Certain Roebel cable assembly turns out to be better than the others and future coils utilize
that. Adequate tooling is innovated for coil winding.

Such magnet design methods are found that training is reduced and mechanical damages of
the superconductor due to stress state are avoided.

Joint technologies are developed to avoid quenches on the conductor and current leads.

It is possible to detect quench onsets by electro-magnetic sensors on HTS

With piezoelectric sensors it is possible to determine their onset and their spatial locations.
Moreover, it is possible to follow with them the spreading of the normal zone.

For more info on thesis hypotheses, read research plan in Indico

15.12.2015, Jaakko Murtomaki



Tooling development

15.12.2015, Jaakko Murtomaki



Toolin:

Roebel is challenging to handle in
very long lengths.

soft bending radius
_hard bending radius

2 m (see Appendix

o development

Manual reassembly takes
time and is even risky

A




Re-assemble cable

Cable unravelling:

It would be nice to find a way of fixing the
cable to stop it from coming apart. this
happens at the ends and occasionally in the
straight section..

Tape, clips, ....




ooling development

tape stack

Figure 2.6: lllustration of a cross section of 3 Rébel cable .

Tape misalignment in cross-section
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Figure 2.7: Plot of the strand trajectories of a Robel cable with the KIT layout using 9 strands each strand consisting
of a superconducting and 3 copper tape (only superconducting tapes are shown). Tapes are represented as flat
surfaces. Each color represents one of the strands. It can be seen that at the crossovers, denoted with the red
arrows, the strand reorients itself. Note that vertical axis is not plotted to scale. Only half a twist pitch (five unit
cells) is shown.




reach the objectives?

Patent
disclosure

An european patent application invented by the investigator and his closest colleagues
Glyn Kirby and Jeroen van Nugteren has been disclosed on 10.8.2015. Braiding and
bracelet support configuration on Roebel cable assembly is meant to increase manual
handling capabilities of Roebel cable and make assembly of it more secure to avoid
cable current carrying capacity degradation during transport and manufacturing
procedures. The investigator has produced the main bulk of descriptions and illustrative
material for the application. Currently, after 12 months of initial phase the patent is
intended to be converted into international patent application.

May be incorporated into an automatic winding Front Back
machine.

but only for even number of tapes
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Roebel sleeve assembly







4. How to reach the objectives?

Safe axial tension during winding

e W

Figure 2 Boundary conditions of the model.

O: HTS Roebel Axial Force
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

22/01/2015 20:20

335.54 Max
298,43
261.41
224,35
187.28
150.22
113.16
76.093
39.029
1.965 Min

Figure 4 Von-Mises stress distribution of a portion of the model showing the elbow geometry.

15.12.2015, Jaakko Murtomaki



Max Axial Stress X (MPa)

Roebel-Strand Max Acceptable Axial Tension
(kg)

600
SO0 | geersrsrsesssssssmsnsnnsssnsneanssan s .

: : 0,490.8

i 347 MPa: Hastelloy C-276

. Yield stress in RT : 20.7,441.7
O :

................................................. 16.1, 343.6
300 13.8, 2945

115, 2454 =—#—Max Axial Stress X (MPa)
200 3
100 Maximum acceptable axial
tension of the strand (kg)
0 n » T T 1
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Axial load (kg)

Figure 5 Roebel strand maximum acceptable tension. The limit is shown by the orange arrow.

4. How to reach the objectives?

O: HTS Roebel Axial Force
Equivalent Stress

Type: Equivalent {von-Mises) Stress
Unit: MPa

Tirme: 1

22/01/2015 20:20

. 335.54 Max
296,43
— 26L.41
— 224.35
187.28
150,22
— 113.16
76.093
39.029
1.965 Min

Figure 4 Von-Mises stress distribution of a portion of the model showing the elbow geometry.

15.12.2015, Jaakko Murtomaki









Clamp layer jump box to former & start
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Tooling development

Feather MO impregnation mold

In parallel: Feather M2 winding tooling

























Adjusting the number of turns so that the
cable fits the space available in the coil cavity

i, it .}
» BN 3T ot o 17 20 r .
T

3 turns 0.2mm tape 5turns, 0.1 mm tape
15 strand cable higher winding tension 15 strand cable



Voltage taps



Removing the central section of mold







Mould release on coil former 4. How to reach the objectives?

B: Feather MO, tapes + epoxy slides, No wire
' }
|

Stress Probe
1170372015 14:28
}
4
1

Is]

15.12.2015, Jaakko Murtomaki



4. How to reach the objectives?

Feather MO 2D-cross section
-to assist in shell material selection, to understand how to model coils

-Cooling, standa

one, background field

B: Feather MO, tapes + epoxy slides, G11 prop for epoxy, 5-Glass, steel shell

Equivalent Stress 3
Type: Equivalent fvon-Mises) Stress
Unit: MPa

Tirne: 1

11/03/2015 18:36

T T [ 11

645 Max

400
300
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160
140
120
1an

oo
=

\Von Mises stress after cool down. Assumptions:
Tapes+epoxy interfaces frictional, S-Glass core
inside the gap of the cable, G11 prop. Assigned for
glass-sock+epoxy, steel shell. One can see that the
shell doesn’t provide compression. 18 X scaling for
the deformed geometry.



4. How to reach the objectives?
Feather MO 2D-cross section

B: Feather M0, tapes + epoxy slides, G11 prop for epoxy, 5-Glass, steel shell
Equivalent Stress 3

Type: Equivalent (von-Mises) Stress
Unit: bPa

Tirne: 3

11/03/2015 18:29

981 Max
400
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150
160
140
120
Lo
a0
1]

\Von Mises stress after cool down + powering to 10T. Assumptions:
Tapes+epoxy interfaces frictional, S-Glass core inside the gap of the cable,
G11 prop. for glass fiber sock + epoxy, steel shell. 18 X scaling for
deformed geometry.

T T T [ 11



The gap ~35 microns

in 10T!

4. How to reach the objectives?
Feather MO 2D-cross section

Total displacement after cool down + powering to 10T. Assumptions:
Tapes+epoxy interfaces frictional f=0.8, S-Glass core in the gap, G11 prop.
for glass fiber sock + epoxy, steel shell. 18 X scaling for the deformed
geometry.

Narrow edges are bonded, rediedges
iiepliesent frictional




-104.08

Feather MO 2D-cross section 4. How to reach the objectives?

Stress component parallel to y-axis after cool down + powering
to 10T. Assumptions: Tapes+epoxy interfaces frictional =0.8,
S-Glass core in the gap, G11 prop. for glass fiber sock + epoxy,
steel shell. 18 X scaling for the deformed geometry.




4. How to reach the objectives?

Stress component parallel to x-axis after cool down + powering
to 10T. Assumptions: Tapes+epoxy interfaces frictional f=0.8,
S-Glass core in the gap, G11 prop. for glass fiber sock + epoxy,
steel shell. 18 X scaling for the deformed geometry.




Possible paper topics

At Tampere University of Technology needed three papers as a main
author:

1. Cross-sectional 2D modelling of HTS magnets (conference?)

Currently, homogenous current distribution is assumed over the tapes
in electro-magnetic models. But in reality, current is on the edges.

Later the plan is to develop models in such way that they can use
input from:

1.) J. van Nugteren’s current distribution model

2.) or a model to be developed at Tampere university of technology
(TUT) by doctoral student Janne Ruuskanen. The aim is to investigate
the matter how the current distributes on the edges of the tapes and
see how the forces are redistributed.

4. How to reach the objectives?

Aligned Block design
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#3 repeat of #2 to fix electrical short at cable exit
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Feather M2 assembly

"Swiss watch”
assembly




During the last year the principal investigator has been part of the core team — Glyn

Kirby, Jeroen van Nugteren, Matthieu Canale and Luca Gentini — to engineer the
Feather M2 assembly.

CAD Model by Matthieu Canale 1.12.2015, Jaakko Murtomaki



Feather M2

oper
Fresca 2

TAMPEREEN TEKNILLINEN YLIOPISTO
TAMPERE UNIVERSITY OF TECHNOLOGY

Thanks to Jeroen van Nugteren for cooperation (coil geometries etc.) 1.12.2015, Jaakko Murtomaki






1 7 T Forces for quarter of a Coil

l FX_tot (lateral) =6.2015 *1.0e+05 N =620 kN =63 tonnes

¥

¢ FY_tot (vertical)=-0.2281 *1.0e+05 N =-22 kN =-2 tonnes (poles attract each other)

z 4—=— FZ_tot (conductor axial)=0.5778 *1.0e+05 N =58 kN = 6 tonnes

v

Length 380 mm

<
<

In 17 T, This means 253 t per one side of the magnet, (and 340 t/m)

Force transfer method by Attilio Milanese: A method to transfer distributed Lorentz forces in 3D to a finite element mechanical model .
http://cds.cern.ch/record/1325572/files/OPERA_ANSYS_v2.pdf?version=2 1.12.2015, Jaakko Murtomaki



Limited space, the requirement of mechanical clearance to
Fresca 2 aperture, and replaceable poles configuration results
In real “Swiss watch” assembly.

In 17 T configuration
bore of D=30 mm

In only D=100 mm

Fresca 2 aperture.

CAD Model by Matthieu Canale 1.12.2015, Jaakko Murtomaki



Layer Jump mod




Mounting Range Magnet HTS

* Step n°1: Kapton Layer

06/05/2015 CANALE Matthieu EN/MME

60



Mounting Range Magnet HTS

e Step n°2: Bottom Cable

Wing R: ST0632189 01 =
Wing L : STO650601_01 =
Layer Jump: ST0652980_01

Bottom Cable: ST0660204 01

06/05/2015 CANALE Matthieu EN/MME

61



Mounting Range Magnet HTS

e Step n°3: Top Cable

06/05/2015 CANALE Matthieu EN/MME

Top Wing: ST0661754 01
Top Coil: ST0668730_01

62



Mounting Range Magnet HTS

e Step n°4: Iron Poles

Iron Pole: ST0632159 01
Iron Spacer: STO660583 01
Top Cap Copper: ST0632172 01

Solders

06/05/2015 CANALE Matthieu EN/MME

63



* Step n°5: Copper Spacers

Mounting Range Magnet HTS

06/05/2015

Copper Ring 1: ST0632157_01
Bottom Copper spacers :
-ST0664539_01
-ST0632179_01
U Copper Spacers:
-ST0670052_01

CANALE Matthieu EN/MME

64



Mounting Range Magnet HTS

* Step n°6: Copper Spacers

Copper Ring 2 : ST0632156_01
Top Copper spacers :
-ST0632174 01
-ST0664044 01
U Copper Spacers:
-ST0669051 01

06/05/2015 CANALE Matthieu EN/MME



06/05/2015

Mounting Range Magnet HTS

» Step n°7: Top Copper Spacers

Triangular Spacers :
ST0668009 01

Top Cap : ST0673808 01
Spacer 10 : ST0655445 01
Copper Spacers 2 : STO66097 4

[

-

CANALE Matthieu EN/MME

66



06/05/2015

Mounting Range Magnet HTS

e Step n°8: Inner Spacers (version 20T)

Ry Copper Spacers 1: ST0673808_01
' Inners Spacers (x4) :

ST0668009_01

CANALE Matthieu EN/MME

67



06/05/2015

Mounting Range Magnet HTS

e Step n°9: Iron Yoke

Iron Yoke: ST0679913 01
Yoke CAP: ST0680533_01

CANALE Matthieu EN/MME

68



Especially challenging due to huge forces and limited space

(three to four copper rings per pole, iron poles, adapted for various thicknesses of Roebel)

CAD Model by Matthieu Canale 1.12.2015, Jaakko Murtomaki



CAD Model by Matthieu Canale 1.12.2015, Jaakko Murtomaki



CAD Model by Matthieu Canale 1.12.2015, Jaakko Murtomaki



4. How to reach the objectives?

Assume quarter symmetry
Simplify all the parts to minimum detail keeping the functionality.

Bolts not modelled in detail etc.

CAD geometry by Jeroen van Nugteren 1.12.2015, Jaakko Murtomaki



4. How to reach the objectives?

CAD geometry by Jeroen van Nugteren 1.12.2015, Jaakko Murtomaki



4. How to reach the objectives?

CAD geometry by Jeroen van Nugteren 1.12.2015, Jaakko Murtomaki



4. How to reach the objectives?

Ground insulation (Kapton) and shell

1.12.2015, Jaakko Murtomaki



4. How to reach the objectives?

Restrain symmetries to be moving on the plane

1.12.2015, Jaakko Murtomaki



4. How to reach the objectives?

Restrain symmetries on plane Loading iron poles from the top surface

1.12.2015, Jaakko Murtomaki



4. How to reach the objectives?

E modu\us test on |mpregnated cab\e

Young modulus [GPa] | Pressing on the wide face | Pressing on the narrow face ——
Sample #1 | #2 | #3 | #a | #1 #2 #3 | #4 i S

1% Compression 18 19 15 16 13 12 19 14 "

1% Spring back 30 | 29 | 25 | 27 | 45 | 112 | 82 | 51 ; Cold measurements due soon
2" Compression 20 21 17 19 19 47 34 22 E :

2" Spring back 29 29 24 26 46 104 93 48 ' . .

' o
3" Compression 20 | 20 | 17 | 20 | 22 | 59 | 38 | 23 : g Thanks to Laura Garcia Fajardo
rd H et .
3"Springback | 29 | - | 25 | 26 | 48 | 117 | 87 | 50 e Full report available.



4. How to reach the objectives? __&

Axial E-modulus measurement

still missing

to be done by me.

Can we also make a cold powered Test for
max strain to find engineering

limits for the cable?

Aids for future coil design — may be paper???




Parametric
Cable CAD model



4. How to reach the objectives?

Ordering of element coordinate systems to be able to input
Orthotropic material property data.

1.12.2015, Jaakko Murtomaki



4. How to reach the objectives?

Allow coil to move with respect to copper spacers.

Impregnation and mould release

1.12.2015, Jaakko Murtomaki



Kapton is allowed to extend longitudinally and azimuthally
Radially has the normal E modulus

1.12.2015, Jaakko Murtomaki



, interface interface
Coil forces through copper

= =—=—a———— I P >

restriction: it only works if the parts fit tightly together! .

i interface - interface N
0 U End

middle

1.12.2015, Jaakko Murtomaki




Screws assumed to provide enough friction

And one G11 layer forgotten away between
Copper and former on purpose

1.12.2015, Jaakko Murtomaki



1.12.2015, Jaakko Murtomaki



mould release and iron poles not giving

1.12.2015, Jaakko Murtomaki



mould release and iron poles not giving
more rigidity for the overall struc
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mould release and iron poles not giving
more rigidity for the overall structure.

1.12.2015, Jaakko Murtomaki



mould release and iron poles not giving
more rigidity for the overall structure.
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mould release and iron poles not giving
more rigidity for the overall structure.

1.12.2015, Jaakko Murtomaki



Heavy meshing required, in order of few millions of nodes

1.12.2015, Jaakko Murtomaki



G: Curing bb

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

01/12/2015 01:31

1814.8 Max
700

500

300

250

200

150

100

50

0.0075747 Min

0.00

12.50

25,00

37.50

50,00 {rmm)
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4. How to reach the objectives?

G: Cu ring bbII
Total Deformation
Type: Total Deformation

nit: rrm
Tirme: L
01172015 23:55

Undeformed
. 0.25896 Max

023113

— 0.20329

— 0,1754a

— 0,14763

— 0.119%

— 0.0919a%5%

0.064133
I 0.0363
0.0084681 Min

%
o

1.12.2015, Jaakko Murtomaki



4. How to reach the objectives?

G: Cu ring bbII
Total Deformation
Type: Total Deformation

nit: rrm
Tirme: L
01172015 23:55

Deformation
N 0.25896 Max Scale 10X
023113

— 0.20329

— 0,1754a

— 0,14763
ESERRLT:

— 0.091965

0.064133
I 0.0363
0.0084681 Min

#,'q-f--
::: SNean

r

1.12.2015, Jaakko Murtomaki



i ' 4. How to reach the objectives?
Type: Equivalent fvon-hises)

17T

Tirme: 1
01122015 00:01

. 1814.8 Max
Tan

aln
300
250
2010
150

10
I 50
0.0075747 Min

b0

et

LT et
L

o
S W T e

1.12.2015, Jaakko Murtomaki



4. How to reach the objectives?

Type: Normal Stress({ Auxis)
Unit: MP3a

Global Coordinate System
Time: 1

30/11/2015 23:53

w1/ T

. 700

400
300
200
100
-100
-300
-399.99 Min
-400

1.12.2015, Jaakko Murtomaki



G: Curing bb

MNormal Stress 3

Type: Narrmal Stress (X Axis)
Unit: MPa

Global Coordinate System
Time: 1

01/12/2015 01:15

810.72 Max
300

0.00

20,00

10,00

40,00 (rmm)

30,00

1.12.2015, Jaakko Murtomaki



G: Curing bb

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: L

01/12/201501:24

0.00 25,00 50,00 (mm)
I 00O

12.50 37.50

1.12.2015, Jaakko Murtomaki
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1814.8 Max 50
0.0075747 Min
G: Cu ring bbII
Equi

{won-Mises) Stress

01122015 00:08

Iron (middle) Copper ring

Iron (end)

1.12.2015, Jaakko Murtomaki



1814.8 Max
0.0075747 Min

G: Cu ring bbII

lron‘{middle) Copper ring

Cb Iron (end)
L,

1.12.2015, Jaakko Aviesseanadie




1814.8 Max 250 150 a0
200 100 0.0075747 Min

In the model soft Kapton here included.

Copper is softly restrained “Wedge”
In the real case.

In the real case interface here soft G11 layer. ¢

In the model assumed metal to metal connection! 1.12.2015, Jaakko Murtomaki
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Unit: MPa

How to support coil ends

restriction: it only works if the parts fit tightly together!

{"} interface U interface

Take the forces to former through
iron. Rigid metal to metal contact.

1.12.2015, Jaakko Murtomaki



4. How to reach the objectives?
FEATHER M2 2D Configuration, Stand-alone, 9kA = 5 T in the bore

P
-

4 )
/-l

[l o Tl [l O [ |

1.12.2015, Jaakko Murtomaki



FEATHER M2 2D B-Field, Stand-alone, 9kA =5 T in the bore

B [teslal

. H96EAE +B8E
. 698 7E+BBE
. 2853E+0848
. GEHEAE +08E
4 7HEE+BEE
HE92E+BHE
. BE39E+BAA
. 2585E+08E8
. 8532E+B88
447 8E+BEE

B4 Z5E+B8E
. B371E+084

B S,

. 2185E-881 *‘/.
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FEATHER M2 2D deformation X-axis, Stand-alone, Cool down to powering 9kA = 5 T in the bore

[ ] [ ] [ microns

126.31 Max 707 LT 15,121 -40.474 -96.0649
48,514 42,914 -12.676 -08.274 -123.87 Min

Directional Deformation

Type: Directional Deformation (X Lxis)
Unit: prm
Global Coordinate System
Tirme: 2
08/09/2015 0422

1] Je+004 e +004 (um)

I I | 1.12.2015, Jaakko Murtomaki
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LH939E+B81

. 9873E+AE1
924 ZE+BEL
. SEAGE +BE 1
. FY69E+BE1
 F333E+B01
. BE97E+BAE1
. BAGEE +A6 1
COYZHE+BEL
C47ESE+BEL
CH151E+BEE1
. 3515E+B801
, 2879E+B0E1
224 ZE+AR1
 16AGE+881
 EH969E+BE1
VE533E+E0E1

100 (mm)

*)(
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¥: Copy of Copy of Copy of F_M2 Standalone "5T"
Equivalent Stress 2

Type: Equivalent (von-Mises) Stress

Unit: MPa

Time: 0

04/06/2015 14:17

I 232.38 Max
180
i 120

— 80
. 50

40
= 30
—1 20

10
0.00608

4. How to reach the objectives?

1.12.2015, Jaakko Murtomaki



B [teslal

ra

C1Z89E+BE1

CEYSHE+EEL
L 9792E+BE1
L 9151E+BE1
 B510E+BE1
, TOESE+BE1
 FEEZTVE+BEL
BSEEE+BE1
CS9YYE+BEL
 5385E+EE1
CHEEZE+BE1
W ZBE+BE1
L 33YOE+BE1
27 38E+BE1

e i = T = = T e e S e e e

FEATHER M2 2D B-Field, Cool down to powering 9kA + 16 T background field = 20 T in the bore

0 100 200 (mm})

Geometry
017082015 20:28
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FEATHER M2 2D Von-Mises video plot, Cool down to powering 9kA + 16 T background field = 20 T in the bore

DO VP

17363 Max i 400 100
e 15010 Laamn Gl 150 4.896 Min

owmsois 116 Mlax shell stress
17565 Max (Von—l\/l ises)

1500
™ =690 MPa
00
600
400
130

oo
0 Min

Transversally
compressive peak
stress on coil (X)

= 160 Mpa
(Transverse limit on
cable 253 Mpa)

Max shell stress
== (\/on-Mises)
~ 880 MPa

\ Transversally compressive

) i peak stress on coil (X)
F " Hmi . = Al

i

CLICK TO PLAY
1.12.2015, Jaakko Murtomaki



THE COMPRESSION OF THE COILS IF NEEDED, FOR CHECKING, ALL SHOULD BE OK BY THE WAY!

M: Copy of Test stronger shell midplane
Marmal tress 3

Type: Mormal Stress(x Duxis)

Unit: bAPa

Global Coordinate System

Time: 11

01/09/2015 20:06

4640.2 Max
5

I
- 100

- 150
-200

-293

&
300

000 Transversally compressive
peak stress on coil (X)

211




4. How to reach the objectives?

Implementation of the quench detection methods

Pick-up coils have been already manufactured for the Feather magnets (Figure 1, Figure 2).
They are based on flexible printed circuit board technology. They are to be installed in the
Feather MO magnet initially and will be tested in January in the first test.

[ — — [ — — [ — — [ — ——
”§==

Figure 1 Magnetic pick-up loop array.



4. How to reach the objectives?

Implementation of the quench detection methods

Figure 2 Magnetic pick-up loop array.
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Thanks to Francois-Olivier Pinéot




4. How to reach the objectives?

Implementation of the quench detection methods

The attached CCS carbon-ceramic
sensor (from the family TVO), 1 |
calibrated in the temperature

range 1.5 -300 K with DC
measuring current £10.0 pA.

CCS/A2
N301

TMi Cryogenic
Instrumentation Division
email: info@temati-uk.com
web: http://www .temati-uk.com/
Tel: +044 (0) 1869 331108

Figure 3 CCS temperature sensor.

First sensibility tests in liquid nitrogen with a Feather MO
dummy coil are done. Thanks to Francois Olivier Pincot.

The report is attached.

We will continue with the study in real coil in cryostat.

15.12.2015, Jaakko Murtomaki



4. How to reach the objectives?

Implementation of the quench detection methods

Data read-out will be conducted through FPQA system (Figure 4) and systems will be
coupled with software Labview.

HTS Quench DAQ FPGA
NI-CompactRIO

Channels 224 total

7 modules: 16 differential analogue inputs each
+/- 200 mV till +/- 10 V input range
16 bits

7.8 kS/s per channel

Processor: 1 module: 32 digital outputs
667 MHz dual-core ARM 5VTTL
512 MB RAM
1 external GB storage
+ Additional 3 TB Ext.Storage
NI Linux Real-Time OS

7 us response time

Also available: high speed module

EPGA: 4 differential analogue inputs
Xilinx Artix-7 16 bits
2 M cells 1 MS/s, simultaneous sampling

A similar system is used by the EL group to capture voltage transients on the electrical

natwinrk ~Araticad hy ENE ewitecrhino thiindarctarme and intearmnal 1aad ~Ahanocac



4. How to reach the objectives?

Thanks to Francois-Olivier Pincot

15.12.2015, Jaakko Murtomaki



4. How to reach the objectives?

15.12.2015, Jaakko Murtomaki



Magnet plan — AB

5. Schedule

The plan of my thesis is tied to the plan of the Fresca-2 magnet test station and

Feather magnets. In the next year, the plan should follow the plan in Figure 1. [6] The
mOdEI next step is to take the Feather MO to diode cryostat test station in SM 18 before

closure of the facility in February.

2015
Sep Oct Nov Déc Jan Fév Mar Avr Mai

B-New Roebel cable production

2016

Foreseen activites on AB model

Mmmgwq Feather.o COi'S
Feather-0.3 coil sc coil - 3 turns - Bruker tape

774 Joints tests

} Feather-0.3 coil joints

7773 Feather-0.3 coil tests preparation (connexion to test station)
7t Feather-0.3 coil tests

Feather-0 next coils manufacturing and tests (2 coils)
7 Feather-0.4 coil

‘7 Feather-0.4 coil test
777 Feather-0.5 coil
) Feather-0.5 coil test

Feather-2 parts design and procurements
Ry Feather-2 dummy coil

T T T T T T ST

g Feather-2 SC coils and assembly

Jui Jul Aol Sep Oct Nov

Figure 6 The planned schedule for the Aligned block designs (Feather MO and M2).[6]



5. Schedule

2016
Dec lan Feh Mar Apr May Jun Jul Aug Sep

Feather zero

Instrumentation

Feather2
Feather2 Dummy test wind

Impregnation test

Magnet componet manufactur

Tooling componet manufactuer —

Wind first real hts coil ? If we have cable

Instumentation

Magnet assembly

Feather 2 test -

Figure 7 A plan for manufacturing, assembly and instrumentation. [5};’



4. How to reach the objectives?

Possible paper topics

2. Unbelievably good idea fO}a paper but still secret (planned for journal)

3. Not yet invented (conference paper?)




Feather ZERO project. Where are we?

e 15t HTS coil wound and impregnated.

* We are working on instrumentation.

* Voltage, temp sensors array, accurate temp sensors, fiber optic,
Hall probe.......... Lots of work!!

* We need current lead link from magnet to cryostat leads!
Need a test in gas to check heating at temperature and
current values is acceptable.

* Target for first powering test Febuary 2016, before the CERN
test station is closed for 7 weeks end of feb 2016.




Soldered Joints development

N A

_a.... al P 2Ry
D ‘;:;1:1»
+ CNAL.
%‘-’.*e.’.\*.

*“:*\ '

NO GLEAN STADER PASTE

liquid so a very think, we

5

Thanks to Francois—livier Pincot

We have selected a low melting point solder with tin —
bismuth alloy. It comes in a liquid form, so a thin layer
can be applied to the tape. The flus is incorporated in the

4. How to reach the objectives?



Soldering tooling

Temperatuer [deg C]

250

200

[y
(O3]
o

100

vl
o

Soldering profial 200 C
10 sec

130 C for 2 mins

oom temp

Front view
B A
ama i

== @
&2
» : Top view

1:1

Soldering tool controls
pressure to 3MPa

Thanks to Francois-Olivier Pincot

Isometric view
1:1




Roebel soldered

st

o N
',;.z, T %\ .
) " '*‘3 -
~ I, - \\Y‘.\<~
- \r.. SR -~ho S o 7

—_— —*—_'“

- - -

- - -

We like!

- The thin layer of solder [solder thermal contraction 6 mm/m].
- Fully soldered surface between the tapes.

- Verylow 3 MPa pressure during soldering




4. How to reach the objectives?

Feather
/ERO
project.

Joints &
Leads &

Integration




Global view

Helium Gas inlet

R

"\‘ ‘w\ ~..
— -

Thanks to Hugo Bajas



W YA ' B

Copper bar and 5/tape YBaCuO (Superox)

Detail view of the clamp Side view of the current
(between 2 Indium sheet) lead connection.

Thanks to Hugo Bajas



Copper bar and 5/tape YBaCuO (Superox)
after instrumentation

8 Cernox (6 alive, 2 dead)
4 FBG (alive)
4 pair of V_taps

Thanks to Hugo Bajas




Fiber Optic Sensor

Thanks to Hugo Bajas



0

Helium Inlet
O PT100

O Cernox
A V_taps

. Leads

. Copper plate
EEN HTS
— FBG

+ Sonde cryo

Fiber

C1 = FBG1 (bare4, 5mm)
C2 = FBG2 (bare7, 5mm)
C3 = FBG3 (B62)

C4 = FBG3 (A65)

F4

Thanks to Hugo Bajas +



Status so far

25000
23733 YBaCuo Iss
20 K, 1 =100, 200, 500, YBaCuo 80% Iss
YBaCuo 60% I
1000, 1500, 2000, 2500, 20000 @ ¥BaCuo 60% Iss
18986 18890 Feather 0
3000 OK 4 Shunt test so far
15000 15112

* 45K, I =100, 200, 500, <
1000, 1500, 2000, 2500, 10000
3000 OK

5000

* /0K, 1=100, 200, 500,

1000, 1500 OK

Thanks to Hugo Bajas




Measurement example at 40 K

0.04 T = 0.02 0.0004
= I [—vaLa 5 = —VGLA
w = w
En 0.03 +|— VGLB 46 E En 4 |=—VGLB
= T|[——VT1_VT2 = = ——VT1_VT2
=
> 0,02 F|——VTs VvT6 +5 & > 0.01- - 0.0002
T [=—IDCCT_LF_10kA
0.01 44
0 3 0 -0
-0.01 -2
-0.02 T1 -0.01 - -0.0002
-0.03 -0
-0.04 - i o o e -0.02 - -0.0004
6c 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 6c 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
16 time [-] 16 time [-]

Voltage [V]

Thanks to Hugo Bajas



Status so far

* 10 K, 1 =1000, 2000, 3000,
4000, 5000 OK

* 20 K, 1 =1000, 2000, 3000,
4000 OK

* 50 K, ' =1000, 2000, 3000,
4000, 5000 OK

* 85 K, 1=1500, 1800, 2000,
2200, 2500, 3000 OK

Thanks to Hugo Bajas

25000

20000

5000

00

4000

3000

YBaCuo Iss

YBaCuo 80% Iss
#®YBaCuo 60% Iss

Feather 0
4-Series5

3000

1500
60 70 80 90




Measurement example at 50 K

0.04 6000 — 0.04 0.002
= —VGLA < =3 — VGLA
@ — w VGLB
&0 - VGLB - = 1
& W -+ 5000 § 8 — VT1_VT2
S —VILVIZ - S — VT3 VT4
0.02 4-|=—VT3 VT4 5 0.02 1 VTS VT6 - 0.001
VTS VTé ’ ‘ T 4000 T
=4 . 1 -:\T.
——IDCCT_LF_10kA Alankas, =
- 3000 Py ) { !\.
0- e - B . ‘ -
- 2000
- 1000 tnons
-0.02 ’ -0.02 1 - - -0.001
I ' Chitaa, . gt
i L—- L 0 1
e S
-0.04 +——+—+—+—4—+—+—+———+———+——+————————— - 1000 -0.04 +—+—+—+—+—4—+—+—+—+4+—++—t+—— 1 -0.002
13:45 13:50 13:55 14:00 14:05 14:10 14:15 14:20 14:25 13:45 13:50 13:55 14:00 14:05 14:10 14:15 14:20 14:25
time [-] time [-]

Voltage [V]

Thanks to Hugo Bajas



Measurement example at 85 K

0.04 6000 — 0.04 0.002
2 1 [—vaLa g > — VGLA
w — w VGLB
=Ty VGLB = =T 1
8 1 -+ 5000 & k] —VT1_VT2
S 1T VLV - S — VT3 VT4
0.02 +|——VT3 VT4 3 0.02 1——VT5 VT6 f"‘""""\ -+ 0.001
1 - 4000 = o '
VTS5 VT6 L] .
| |—1IDCCT LF 10kA T S
1 + 3000 % F"'l'l'\"! M M ‘" Y
[ —— / d . ; —_— P o [r—— s — 04 ﬁ—_o
T - - 2000
1 1 1000 -
-0.02 1 -0.02 1 — - -0.001
-0.04  —4+—A—+——4—+—+—+—+— -1000 -0.04 —+—+——A+—4—+—+—+—+—t+—+—+——t—t——————————————————— -0.002
16: 50 16:55 17:00 17:05 17:10 17:15 17:20 17 25 16: 50 16:55 17:00 17:05 17:10 17:15 17:20 17:25
time [-] time [-]

Voltage [V]

Thanks to Hugo Bajas



Temperatu re measurements

Thanks to Hugo Bajas

100 + 6000
90 -
- -+ 5000
80 ‘
70 -+ 4000
60 ‘ ; 13000
50 R ||
-+ 2000
40
30 } -+ 1000
20
+0
10
o +—+—+—+r—+—+—t++r—+—+—t++r—+—+—t+—+—+t+—+—+t++—+++++++++++- -1000
9:00 10:00 11:.00 12:00 13:00 14:00 1500 16:00 17.00 18:00
10 time [-]

Current [kA]

— TT CX1
TT CX2
—TT _CX3
—TT CX6
TT CX7
—TT_CX8
—IDCCT_LF




After discussions with Jerome Fleiter 10.12, we had the
following remarks from him:

The voltage signals see a lot of noise, around 50 micro Ohms just for noise.

All the sensors wires need to be twisted to be able to see something. It is also important for
the protection thresholds.

We want to see the “kink” in the voltage-current curve when the HTS gets filled and copper
takes the rest and heats up.

The voltage tap on top of the HTS stack does not see current. We need to change the
location a little bit.

15.12.2015, Jaakko Murtomaki



Next steps 1

We learned more from Jerome

We have relatively big cross-section in the shunt of copper. This means we arrive to lower or
comparable overall resistance of the copper shunt compared to the HTS stack. So the
proportion of current sharing might be 20% through HTS and 80% through Copper at 77 at
5kA (roughly speaking).

So the decision was made to drive the current to much higher towards 8-10 kA at 77 K
depending what Hugo gets through with his set up. This was intended to push to higher
current to force HTS run on the Ic and fill it. After we can see if a lot of the current then starts
going through the copper and heat it up.

The second step is to take the HTS away and do the same Current-Temp curves for the
copper. Then it’s possible to estimate the current through the HTS.

15.12.2015, Jaakko Murtomaki



Next steps 2

Remove the Voltage tap on the small copper clamp.

We solder a voltage tap 2-3 cm from the soldered ends with a ring of solder around the HTS
to make sure we can measure the COPPER to HTS joint resistance (Picture next slide).

Twist all the sensor wires to avoid current pick-up loops on the self-field of the conductor or
shunt.

Decrease the copper section a lot. Put a copper shunt on top of HTS instead of below
compared to the current leads (Picture next slide).

We measure again and push the current as much as we need to see the small “kink” on the
voltage when the HTS is fully saturated with current and the copper starts heating up.

We build a small current network model to counter check with the measurements.

15.12.2015, Jaakko Murtomaki



4. How to reach the objectives?

Current coming in from the bottom

15.12.2015, Jaakko Murtomaki



the objectives?
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4. How to reach the objectives?

Summary 5. Schedule

Finite Element Analysis

FEA Status 14.12.2015 (completed or almost, in progress, planned)

Object configuration Type of FEA Motivation Stage Software

FMO stand-alone 2D electro-mag.-mech. analysis strength and deformation Ansys / Maxwell
insert 2D electro-mag.-mech. analysis strength and deformation Ansys [ Maxwell

FMO stand-alone 3D electro-mag.-mech. analysis strength and deformation Ansys [ Opera
insert 3D electro-mag.-mech. analysis strength and deformation Ansys [ Opera

FMm2 stand-alone 2D electro-mag.-mech. analysis strength and deformation Ansys [/ Maxwell
insert 2D electro-mag.-mech. analysis strength and deformation Ansys [/ Maxwell

FM2 stand-alone 3D electro-mag.-mech. analysis strength and deformation Ansys [ Opera
insert 3D electro-mag.-mech. analysis strength and deformation Ansys [ Opera

15.12.2015, Jaakko Murtomaki



4. How to reach the objectives?

summary 5. Schedule

Finite Element Analysis

Object configuration Type of FEA Motivation Stage Software
FMO stand-alone 2D Thermal analysis cool-down RTto 4 K Ansys
FM2 stand-alone 2D Thermal analysis cool-down RTto 4 K Ansys
insert 2D Thermal analysis cool-down RTto 4 K
FMO coil powering 3D Thermal analysis Temperature sensors
FMO stand-alone 3D Modal analysis resonance frequency
insert 3D Modal analysis resonance frequency
FM2 stand-alone 3D Modal analysis resonance frequency
insert 3D Modal analysis resonance frequency
HTS tape in Roebel winding 2D mechanical strength and deformation -Ansvs
Roebel powering 3D mechanical axial E-modulus Ansys
Roebel powering 3D mechanical transverse E-modulus Ansys

15.12.2015, Jaakko Murtomaki



Summary

Object

Impregnated Roebel
Impregnated Roebel
SuperOx 12 mm tape
Other necessary materials

HTS tape
HTS tape

Impregnated Roebel

Optical fibers / quench
Quench antennas
Acoustic sensors
Temperature sensors

Current leads /HTS

Measurements / tests

Load step
powering
powering
cool-down
cool-down

cool-down
cool-down

powering
powering

powering

powering
powering
powering
powering

powering

Motivation

axial E-modulus
transverse E-modulus
Coeff. of thermal exp.
Coeff. of thermal exp.

delamination
delamination

delamination
delamination

axial strain + current

to detect quench
to detect quench
to detect quench
to detect quench

to ensure stability

Mote

Wide and narrow face

peeling-off edge
peeling-off middle

peeling-off edge
peeling-off middle

liquid nitrogen

Feather MO
Feather MO
Feather MO
Feather MO

4. How to reach the objectives?

B IEENE

5. Schedule

Location

927
927
927
927

?7?
?27?

?27?
777

777

SM18
5M18
5M18
SM18

SM18
15.12.2015, Jaakko Murtomaki



5. Schedule

To do list

* | need to start with FBGA data read-out
* | need to learn LabView
* Feather MO and M2 wiring

 Especially lack of space in Feather M2 (needs careful thoughts for
fitting twisted wire pairs)

* Wiring diagram
* Etc...

15.12.2015, Jaakko Murtomaki



Grazie, kiitos danke schon!
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