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AMS-100

Design requirements
* Geometric acceptance of 100 m2sr
— 1000 times the acceptance of AMS-02
* Max. detectable rigidity of 100 TV
 Measurement of cosmic nuclei with energies
up to the cosmic-ray knee

Planned design

* 3mm high temperature superconducting solenoid
- 0.5T in a Volume of 75 m3
 Compensation coil

e Sun Shield
* Electric propulsion
e Radiator

e SciFi tracker

e Silicon tracker

* Time of flight system
* Calorimetry
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High Temperature Superconducting Tape = UNVERSTY

HTS_Tape- J. van Nugteren (2016) [7]
Coil Parameters _ Fujikura Ltd. (2022) [6] Je [A/mm?]
<Schematic of RE-based HTS tape>
d Length Of 6m Stabilizer [Cu plating] 20pm |
. Protection layer [Ag] 2um |
o Dlameter Of 4 m Superconducting Layer [GdBCO] 2 um / [EuBCO+BHO] 2.5 um J
Buffer layer [MgO, etc.] 0.7um
b Operatlng at 55 K Substrate [Hastelloy®] 75/ 50 pm
e Current 10 kA
* Layers of 12 mm HTS «  Will be damaged at temperatures above 473K and mechanical loads over 600MPa
* 5km Kabel length
e 1 Laver Kabel . Schael et al. (2022)[1
Y Quench t=1907.7772's t = 2749.0927 s t=2768.2164 s
* Non-lIsolated A B C
* Aluminium U-Profile
200 1 200 1 200 1
nghly protected against L . -
damage caused by
quenc Ing 22&?\/ Zggq\// 2289\//0
00, 2 00, 2 0%, 100 2 1
Pery, ,810%0 6 5 % postionm ey, ,em%o 6 5 *onetionm Perg ,610%0 6 5 “postionm

Clemens Dittmar 5



Sensors
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Limited weight budget

e Platinum resistors or strain gauges unsuitable as additional wiring is required for each sensor

Distributed temperature and strain monitoring with Rayleigh scattering and optical fibers

Fiber Doping Core/Cladding/Coating @ [um] | Coating material
SM1500(9/125)P Germanium 9/125/157 Polyimide
PS1250/1500 Boron 9/125/145 Acrylate
Core
Cladding
Coating ThorLabs [9]

Clemens Dittmar 6
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Optical Frequency Domain Reflectometry (OFDR) = .01

OBR-4613, Luna Innovations

\

 Light in an optical fiber

; N Coupler Fiber under test
spectral index changes

due to inhomogeneities C R H
“ . . ) - oupler Coupler
(“Rayleigh Scattering”) [Fiber under test | Tunable Q0 ﬁ 1r

Laser

Polarization Polarization
- ° controller beam splitter

‘q B

* Each segment of an optical fiber
has an individual Rayleigh
scattering spectrum

* OFDR compares the
changes between spectra for
the same unloaded and loaded
fiber segment

_AV

174
AT = Ty — Tgr e = AL

= K- AT + K, -€

Clemens Dittmar Girmen and Dittmar et al. 2023 [4] 7
Luna Innovations Inc. [5]
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Optical Frequency Domain Reflectometry (OFDR) = ./l

OBR-4613, Luna Innovations

 Light in an optical fiber
can scatter at

. —— o
spectral index changes

due to inhomogeneities C R H
“ . . ) - oupler Coupler
(“Rayleigh Scattering”) [Fiber under test | Tunable Q0 ﬁ 1r

Laser
Polarization

Polarization
- ° controller beam splitter

* Each segment of an optical fiber
has an individual Rayleigh

scattering spectrum 1000
Reference T. = 293K
* OFDR compares the soo.| Mesurment T. = 263K
changes between spectra for Strain = -660*E-6 [T
the same unloaded and loaded o0 ]
fiber segment :
= 400 A
Av
- ~ :KT'AT_I_Ke'E 200 - . .
1% Free Fiber Glued in Aluminum
_ AL (SM1500(9/125)P) P—
AT — TM - TR €E = T 0 T T T T
4.6 4.8 5.0 52 5.4
Length [m]

Girmen and Dittmar et al. 2023 [4] g
Luna Innovations Inc. [5]
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What can be measured?

Linear standard model for minor temperature changes at room temperature
Temperature changes

Av AT = TM — TR
Thermomechanical changes — — =Ky AT|+ K. - ¢ N
Y N cT L
Mechanical changes

Temperature Sensitivity Strain Sensitivity

Clemens Dittmar
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Non-Linear Model

\

What can be measured? Linear standard model for minor temperature changes at room temperature
Temperature changes
P g Ay AT =Ty — Th
Thermomechanical changes T = |Kr - AT |+ K - € AL
€ = =
yd AN L
Mechanical changes Temperature Sensitivity Strain Sensitivity
New non-linear model which considers all temperature influences: Theoretical prediction:
Av  Strain sensitivity is
T = F(Tr, Ty) |+ G(Tr, Tm) |+ Ke(Thr) - €Baternat(Th) temperature dependent
KG(T) =m-T +b
g (T Tr) + > (Ty; — Th) + O(T?)
2 M i 2 M R * Temperature sensitivity
Ty + 1R depends on doping and is also
+ (m- 5 + b) - esub.(Tar, Tr) temperature dependent
+ (m Iy + b) ' eEmternal(TM) Kp(T) = lg—;(T)
n

Clemens Dittmar 10
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Test-Setup and conditions: Strain Sensitivity as a Function of Temperature

* Tensile testat 300K and 77 K 0.86 1 —— Germanium - Fiber
Boron - Fiber
* Two fibers glued in one groove 0.84 1 — slope, Dwyer et al. 2004
_ -3¢ OBR Standard Value ,J[

0.82 A /
I Strain gauge ]
* Pt1000 0.80 1 // -

Optical fiber
' 0.78 1
N2 | 0.76 A
«— LN2 container 0.74 -
1 0.721
0.70 A
_ , 100 150 200 250 300
Al tensile specimen

Clamp T [K]
!/ Results:

* Slope corresponds to the literature for FBGs
e Strain sensitivity is temperature dependent

Clemens Dittmar 11
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Temperature Sensitivity Germanium

\

Test-Setup and conditions Warm-up Germanium Fiber Data
700 Fit(T) = A-(Ty —Tgr) + g (TZ—T3) s
* Warm-up (77 — 290K, 18h) 600{ - A0S =020
* Climate chamber, 6 steps (233 —335K) _so0  Am=19
. . R Cl 0.95
* Mechanical part considered by ~ 4004 4 Warm-Up, Germanium Fiber
determining the thermal expansion of Al-6060 £ 300
with calibrated strain gauges and S -
the determined strain sensitivity .
0_
a2
£
':f 0
;-; -25
3 | | | | |
100 150 200 250 300
‘ TIK]
B Pt1000
Optical fiber Results
Left Middle Right Germanium-doped fibers:
= LN2 = = * (Quadratictemperature dependence
Thermal box ° Slgnal also at 77K

Clemens Dittmar 12



3

Temperature Sensitivity Boron
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Test-Setup and conditions Warm-up Boron Fiber Data
FitT) = A~ (Tu—Tr) + £ (T2 = T3) ‘

_ - 400 + S (TR=-TA +2(TH-TH

* Warm-up (77 — 290K, 18h) NN S L
i — -—- B=(-1.160 = 0.027)x1077
* Climate chamber, 6 steps (233 —335K) © 3001 (158 0_16)x1(;<‘102
* Mechanical part considered by " ool
. . . g 200 NaF =
determining the thermal expansion of Al-6060 ; C10.95

av
v

<+

Warm-Up, Boron Fiber

with calibrated strain gauges and 100
the determined strain sensitivity

O -
©
¢
E
=z ]
|
Y
©
9 T T T T T
100 150 200 250 300
T K]
B Pt1000
Optical fiber Results
Left Middle Right Boron-doped fibers:
= LN2 = = * Not sensitive to temperature < 150 K

Thermal box

Clemens Dittmar 13
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Temperature Sensitivity

Test-Setup and conditions . Temperature Sensitivity as a Function of Temperature
« Warm-up (77 — 290K, 18h) ol
e Climate chamber, 6 steps (233 — 335 K) ;
* Mechanical part considered by
determining the thermal expansion of Al-6060 =
with calibrated strain gauges and T4
the determined strain sensitivity v 3  Germanii Fber, Wam=Up
== = K7 - Germanium Fiber, Climate Ch.
2 . K7 - Boron Fiber, Warm-Up
Kt - Boron Fiber, Climate Ch.
= 55K - Prediction
1 ] e = Germanium-FBG, Elton et al. 2014
gt === Boron-FBG, Elton et al.2014
O T P Free Fiber, Taolue et al. 2022
[ - Theoretical prediction for silica
1 ¥ Standard Value
100 150 200 250 300 350
T [K]
B Pt1000
Optical fiber Results
Left Middle Right  Germanium-doped fibers: linear temperature sensitivity
= LN2 = = * Expected temperature sensitivity at 55 K: 0.5E-6 [1/K]
Thermal box * Boron-dopedfibers: not sensitive to temperature < 150 K

Clemens Dittmar 14



RWNTH

Test of Calibration: Germanium-doped Fiber = S

Test-Setup and conditions:
e Ringshaped Aluminum body
 5cmhigh, 15 cm diameter
* Both fibers glued in
one Aluminumgroove
* Warm-up (77 —300 K, 18 h)
* Climate chamber, 6 steps (233 — 353 K)
e Shapesimilar to AMS-100 test coils

Pt1000

Fiber groove

Optical fibers

Calibration Test Germanium Fiber

—— Prediction, Tg = 233K
—— Standard Model
2000 4 —— Taolue et al. (2022)
[ Prediction range
1000 4 + Optical-Fiber

100 150 200 250 300 350
T [K]

Results:
* Well described across the total temperature range (77 K— 353 K)
* Consistent with literature parameterization

Clemens Dittmar 15
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Test of Calibration: Boron-doped Fiber = e

Test-Setup and conditions:
e Ringshaped Aluminum body
* 5 cmhigh, 15 cm diameter
* Both fibers glued in
one Aluminumgroove
* Warm-up (77 —300 K, 18 h)
* Climate chamber, 6 steps (233 — 353 K)
e Shapesimilar to AMS-100 test coils

Fiber groove Pt1000

Optical fibers

Diff. *E-6

—1000

—2000 +

—3000 H

—200 A

Calibration Test Boron Fiber

—— Prediction, Tz = 233K

3000 A

—— Standard Model
2000 1 g Prediction range
4+ Optical-Fiber

1000 A

100 150 200 250 300 350

Results:
» Systematicdrift at low temperatures
* Deviation within the prediction range

Clemens Dittmar 16
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Test-Setup and conditions:

e HTS-Coil with 2.5 windings

* 10 cm high, 12 cm diameter

e 2 windings fiber under HTS-Tape glued in Aluminum
* Peek tubes for guiding the fibers into the structure

of the coil

Inside of the coil

L PEEK tube

Power supply connection

Brass flange

____ Brass flange

_— \\\{ Brass flange Al core Fiber & groove HTS tape

~——— Optical fiber Voltage tap wiring

Clemens Dittmar 17
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HTS - TeSt COll ~ Fraunhofer

Test-Setup and conditions: 1200A applied current
e HTS-Coil with 2.5 windings

* 10 cm high, 12 cm diameter

e 2 windings fiber under HTS-Tape glued in Aluminum
* Peek tubes for guiding the fibers into the structure

Z[mm]

Power supply connection

o

— N

~____ Brassflange ¢

— w4

__— Optical fiber Voltage tap wiring

Clemens Dittmar 18
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. 1.0
Test-Setup and conditions: 1200A applied current
e HTS-Coil with 2.5 windings
* 10 cm high, 12 cm diameter - 0.8
* 2 windingsfiber under HTS-Tape glued in Aluminum o | ™ &l
* Peek tubes for guiding the fibers into the structure ? = 56
6 _‘c: ? g
Power supply connection 4 " 'r:
2 L 0.4t
0
0.2

* Temperature profile with maximum of 0.7 K
— Current flows through Aluminum structure

* Magnetic field measurements: current flow of 800 —900 A
through the Aluminum structure at 1200A applied current

— a Ny HTS = B = Results:

Optical fiber Voltage tap wiring

Clemens Dittmar 19



HTS — Test Coil: Dynamic .

Test-Setup and conditions:

e HTS-Coil with 2.5 windings

* 10 cm high, 12 cm diameter

e 2 windings fiber under HTS-Tape glued in Aluminum
* Peek tubes for guiding the fibers into the structure

Power supply connection

-
\Q/

- J «— Connection end caps

\ -
g e
\

//’/%/ | N
2N/ N ‘
~——— Optical fiber Voltage tap wiring

R\WNTH
Measurement = Fraunhofer

\

Mean temperature at current ramp and switch off

Applied current
0.4 1 +_|_'_|7+ <4 Mean central fiber T + 1.2
} |
- 1.0
0.31 | *
v - 0.8
~ 0.2 /4 L 0.6 S
a + 4 | 0.4
0.1 A f
4 0.2
004 /t1 | i l {4 0.0
. } I 1 } .
0 5 10 15 20 25
Time [s]
Results:

* Temperature curve follows the current curve
e Changing current flows can be measured

Clemens Dittmar
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Decoupling of Thermal &

Combiningtwo different fibers into one measurement

Signal difference is due to the temperature sensitivity

difference

Newton method for function inversion

Test-Setup and conditions:

Ring shaped Aluminum body

5cm high, 15cm diameter

Both fibers glued in one Aluminum groove
Warm-up measurement (77 —300 K, 18 h)

Temperature Sensitivity as a Function of Temperature

K*E-6

= K7 - Germanium Fiber, Warm-Up
== = K7 - Germanium Fiber, Climate Ch.
== K7 - Boron Fiber, Warm-Up
== = K - Boron Fiber, Climate Ch.

== 55K - Prediction
= Germanium-FBG, Elton et al. 2014
= Boron-FBG, Elton et al.2014

Free Fiber, Taolue et al. 2022

= Theoretical prediction for silica
‘ ¥ Standard Value

,,,,,

100 150 200 250 300 350

TIK] Clemens Dittmar

Fiber groove

Pt1000 Optical fibers

21
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Decoupling of Thermal &
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Optical fibre temperature compared to Pt1000

 Combiningtwo different fibers into one measurement

105 1

Fit
« Signal difference is due to the temperature sensitivity 100 ] - b= L01812400 = 0.9e.03 it
difference war = 03

95 €10.95 b
* Newton method for function inversion %? 90 14 Warm-uplData

. 85 1
Test-Setup and conditions: 80 1
* Ring shaped Aluminum body 75 L

* 5cm high, 15cm diameter
* Both fibers glued in one Aluminum groove
* Warm-up measurement (77 —300 K, 18 h)

(Data — Fit(T)
o
1
|
|
|
3
=
==
—
|
| ——
a
§
—_
|
|
|
I

75 80 85 90 95 100
10 [K]

0.35 1 Gaussian fit
0.30 T L 0 i Result:
{=-139 + 0.04 .
025 0= 255 % 0.00 Temperature resolution:

2.6 Kfor 77 —-100K

Fiber groove Pt1000 Optical fibers

-10.0 -75 =50 =25 0.0 2.5 5.0 7.5 10.0 22

Tosr — Tpt1000 [K]
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Summary =
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OFDR works at 77 K with optical fibers integrated into a
structure.

Germanium-doped SM fibers are sensitive to temperature
changes down to 77 K and probably down to 55 K.

Local heat sources and temperature profiles can be measured, y/ Smesoadth
cie . . . gy S oil, d=8m (26 ft)
and the sensitivity is highly dependent on the substrate. 9

Service

Decoupling with two differently doped fibers is possible,
allowing temperature measurement with 2.6 K uncertainty.

Published paper:

Girmen and Dittmar, 2023, ' Young's modulus independent determination of fibre-parameters for
Rayleigh-based optical frequency domain reflectometry from cryogenic temperatures up to
353K"

¥ Solenoid

: . , d=4m (13 ft)
Paper in preparation: &S | il ih

"New Measurement Principle for Decoupling Mechanical and Thermal Signals in OFDR

Measurements for integrated Fibres" Electric Propulsion
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Thank you for listening!

Are there any questions?
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HTS — Test Coil: Measurement 2
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Test-Setup and conditions: 1200A applied current
e HTS-Coil with 2.5 windings

* 10 cm high, 12 cm diameter

e 2 windings fiber under HTS-Tape glued in Aluminum
* Peek tubes for guiding the fibers into the structure

Z[mm]

*{mm; 40 g 60

e 3additional Pt1000 and Kapton tape

Clemens Dittmar 27



HTS — Test Coil: Measurement 2 =

Fraunhofer
Test-Setup and conditions: 1200A applied current .
e HTS-Coil with 2.5 windings
* 10 cm high, 12 cm diameter | L 0.8
e 2 windings fiber under HTS-Tape glued in Aluminum | o T 10
* Peek tubes for guiding the fibers into the structure T . -
gl e ~—{ NS 4 N r,:
: - e 2 0aF
i 0
' 60
0.2
-60
5 0 59 -40 N
[fnrn] 40 60 -60 0.0

Results:
* Temperature profile with maximum of 0.8 K

* Mean temperature higher as without Pt1000
e 3 additional Pt1000 and Kapton tape e Pt1000 position detectable

Clemens Dittmar 28
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* The only operating particle detector
with a magnetin space

* measure charge, mass and
velocity of charged particles
* Rigidity (momentum per unit charge)
e Can therefore distinguish
particles from antiparticles
* Measures precisely cosmic ray

fluxes with an accuracy of 2%-4
at 100 GV

* Installed on the ISS since 2011

agnetic Spectrometer




Ex.: Positron Flux — Search for Dark Matter

25 lllll | | | lllllll | ] | | lllllll n | | lllllll
Positron Spectrum

° AMS-02
== Fit with Eq.(4) and

20l 68 C L band — Diffuse term:
".'; - o ] Low-energy part of the flux
~ - - dominated by the positrons
N 15'_ _ produced in the collisionsof ordinary
£ B . cosmic rays with the interstellargas
o B -
E} - Source term ) i Source term:
=, 10— u '
w - Origin through pulsars or dark matter
m'e‘ _ g anihilation oran unknown source
i _
5 —_
- Energy [GeV] ]

1 10 100 1000
Aguilar (2019, adapted)([3]

Clemens Dittmar 30



High Temperature Superconducting Coil

Coil Parameters

Length of 6 m
Diameter of 4 m
Operating at 55 K
Current 10 kA

Layers of 12 mm HTS
Non-Isolated

Aluminium U-Profile

Highly protected against
damage caused by
guenching

Al-6063-T832, 1 mm

g0imm _—*""

optical fiber

Epoxy

Clemens Dittmar

Al-6110-T9, 0.5 mm

Al-Honeycomb, 10 mm

Al-6110-T9, 0.5 mm

RWTHAACHEN
= UNIVERSITY

~ Fraunhofer

\!

31
Schael et al. (2022)[1]



HTS-Coil: Quench
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/
t=1907.7772 s t = 2749.0927 s t=2768.2164 s
A > B > C
200 1 200 1 200 1
2 100 1 100 T | 00
= ] :
@
g 0 0 0
3 ‘
= 100 100 100 T
200 \// 200 200
:zoq000 20q0 20% 1 0
3 2 % 3 2 % g £
pe’at ,ew%o 6 5 4 postionm e Srat ,610%0 6 5 % postionm De,a, rem%o 6 5 *postionm
200 = At hot spot
——— 1/4 turn to hot spot
180 1 — 3 turns to hot spot
— — Start heater
160 4 = i lower curent Thermal-electromagneticquench simulation by Tim Mulder
hv4
£ 1404 Start Parameters: * Layers: 18 layers HTS
g 120 * Current 10kA » Temperature: 51K
5 100 *  Windings: 376 e 200 W heater at three neighboring
807, i winding sections
6011 i
=
0 10 20 30 40 50 Clemens Dittmar 32

Time after start of heating [min] Schael et al. (2022)[1]



HTS-Coil: Quench

y ‘enjesadws]

200

180 A

160 -

Temperature [K]

[o0]
o
1

60 1

~ Fraunhofer
t=1907.7772's t = 2749.0927 s t=2768.2164 s
A > B > C

200 200 200 1
100 1 100 T 00 7

0 ] B 0

100 1 100 _—.

200 \/ 200 ‘-\// 200 \//

:zoq000 5 2oq000 5 20%00 1 0

pe’at ,ew%o 6 5 4 postionm

3 mp, 1 4 X
pe’et ,610%0 6 5 *postionm Sray, U, ;o oo 6 5 position, M

140 -

120 ~

100 1

= At hot spot

——— 1/4 turn to hot spot
= 3 turns to hot spot

— — Start heater

= = Full turn lower current

Quench detection and structural monitoring are still

required

* To prevent structural damage and thus damage
to the HTS tapes

e For position stabilization (both coils have a
dipole moment)

10 20 30 40
Time after start of heating [min]

O+t

50 Clemens Dittmar 33
Schael et al. (2022)[1]
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Quench of a non-isolated HTS-coil = L
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Description:

Loss of superconductivity over the entire coil with conversion of the stored magnetic field energy into heat
Reasons:

Local or global heating:

* External source
* Cooling failure, heat input due to damaged detectors or damaged sun shield

e Current passing through the aluminum structure
* Due to an internal local failure of the superconductivity by e.g. mechanical damage

Process:

* High heat input or extensive damage to the superconductor
* Quench within a few seconds

* Low heat input which is greater than the cooling can remove
* If local, current can bypasses non-superconducting region through aluminium structure

e Coil can remain stable

* When the current skips a whole turn, the effective number of turns carrying current changes, which induces current and heat
throughout the coil, causing the coil to quench.

Clemens Dittmar 34
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Test-Setup and conditions

« Warm-up (77 — 290K, 18h)
* Climate chamber, 6 steps (233 — 353 K)
* Mechanical part considered by
determining the thermal expansion of Al-6060

with calibrated strain gauges and 7 =
the determined strain sensitivity

e iy, e
—— Kain Bonn |

Z - ‘ L e -3 i ECLEET
S OBR-4613 Keithley 2701
= . multimeter
ESS Wiring of Pt1000 sensors M
B Pt1000 o -

Optical fiber
Left Middle Right

LN2

Thermal box

Clemens Dittmar 35



Strain Sensitivity

Test-Setup and conditions:
* Tensile testat 300K and 77 K

* Two fibers glued in one groove

I Strain gauge
* Pt1000

Optical fiber

e ——LN2

l/ Clamp

+«—— LN2 container

Al tensile specimen

Clemens Dittmar
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Al tensile probe | ‘

L
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Strain Sensitivity

Test-Setup and conditions:

* Tensile testat 300K and 77 K

* Two fibers glued in one groove

I Strain gauge

* Pt1000
Optical fiber

~——LN2
«— LN2 container

Al tensile specimen

!/ Clamp

RWNTH
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Tensile Test Germanium Fiber Data

Fit(x)=a + b'x Rod
a=6.20e+00 = 4.9e-01 Pie
8001 --- b=28.289%-01 + 8.2e-04 /,‘
X -01 ,A‘"
600 clo9s et
P+ TR
3 4001 -
d"‘.’
f"‘
200 - ptas
.-r’/
01 =
*E 20
A A e e e
200 400 600 800 1000
Strain*E-6
Fiber T [K| | K (T)
Germanium | 300 | 0.8290 + 0.8- 1077 (stat) +5.0-107" (sys)
Germanium | 77 | 0.7907 4+ 0.7- 1077 (stat) £4.7-1073 (sys)
Boron 300 | 0.8279 £ 0.8- 1077 (stat) £5.0-1077 (sys)
Boron 77 | 0.7915 4+ 1.2-1073 (stat) +4.7-1073 (sys)
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Tests with local thermal signals = paVEsIY
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Heater Signals on Al Substrate at 77K

Test-Setup and conditions:

—_— i W
P's Heating Power O.Omrjz

* Heater on linear Aluminum and Peek structure in LN2 5 —+— Weating power 4.6,

—+— Heating Power 8.0
am

T — Tgr K]

Pt1Q00

Optical fiber|

-)ﬂ ’ Length [cm]

/'mgm } e . Heater Signals on Peek Substrate at 77K
i ! i —— Heating Power 0.0.%;
roove / ‘\ ’ \’/‘ 5 4 : :eajng ::ower iiﬂgj
Av 1 4 :
Ty — Tr) = —— - o
( ) v KT(TR) T KE(TR) - CT Esypstrate é 37 V\h
I 2
Results: ~ x
e 1cm external heating signalsin LN2 can be measured o /ﬁ\
* Fiber temperature sensitivity depends on the CTE N "‘%j GW
of the carrier material [CTE(PEEK) > 2*CTE(Al)] e 1 5 3 4 s 6 7 s
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HTS — Test Coil

Test-Setup and conditions:

e HTS-Coil with 2.5 windings

* 10 cm high, 12 cm diameter

e 2 windings fiber under HTS-Tape glued in Aluminum
* Peek tubes for guiding the fibers into the structure

Power supply connection

,/;\\‘;7
S i | S
Optical fiber Voltage tap wiring

:

\
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Magnetic Field and Temperature

2.0 - Measured B-Field
Soleno B-Field - 30
¢ Mean Temperature
- 25
1.5 A
g - 20
= 1.0
' - 15
|_
|
| —| ! L 10
0.5 —
v I f
g
6 -5
f &
0.0 14—
T T T T T T T O
0 200 400 600 800 1000 1200
Current [A]
Results:

* Temperature profile with maximum of 0.7 K

— Current flows through Aluminum structure

* Magnetic field measurements: current flow of 800 —-900 A

through the Aluminum structure at 1200A applied current
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Strain Gauge Measurements

Z Fraunhofer

Strain gauge calibration test

—— NIST Al6061-T6

—— NIST OFHC Copper
O 7 == Literature fit error
+ Strain Gauge Al6061-T6511
<~ Strain Gauge OF-Co

Pt1000 Strain gauges

Strain *E-6

Diff. *E-6

o
5“
Soldering pad  Contact flags E
—200 : . ; ; : .
100 150 200 250 300 350
Steel block TIKI]
Strain Gauge Measurement Al-6060
Fith=a+b-T+c-T? 2
1000 4 +d-T* +e- T4
a = -4.0427e-03 = 1.4e-06
ol b =-7.771e-06 + 3.1e-08
-=- c=1.4388e-07 + 2.4e-10
© d = -3.2423e-10 + 7.8e-13
4 1000 - e =2.8743e-13 + 9.0e-16
3 £ X =39
Scotch- # —20001 - C10.95
Weld —— NIST Al-6060
1y —30004 + Climate Chamber
_4000 | /
. ; ; ; ; ; ;
§
E
E
&
©
(=]
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Resolution

Fiber Signal Noise vs. Time

0.8 - ) o Ger. Fllber
o Bor. Fiber
® {F (<]
0.7 1 o -
o o0 - e
0.6 1 . oo :
0.5 - - . Te, o |
0.4 - e T : - ;
® @ o - cf 8 P ¢ o
0.3 - - %n" n‘hnnu n- nu"iu n" — . n'- : ° g%
‘9“- q an} [-] . d’u%: I
02 T .-u o = ° u ] 2 sl
‘PO
014+
T T T T T T T T
0 20 40 60 80 100 120 140
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Noise 0.8

S/N
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Signal/Noise vs. Temperature

104 .
X °
ﬁ e 'k‘. 2
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107§ =% : I :
A o
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101 5 4 Bor. Fiber, Warm-Up
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0 50 100 150 200
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» Ger. Fiber, Warm-Up i
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Magnetic Field Measurement

1 Dysprosium

Nickel + Dysprosium

Nickel

Optical
fiber

Copper block

Measurement with 150 mT B Field in LN2

Magnetostriction

* Mechanical deformation in external magnetic field

* Dysprosium has a high mechanical deformation below
180K

* Epoxy dysprosium-powder mixture should have similar

properties

* A bonded fiber should therefore be sensitive to
magnetic fields at 77K

* 3 samples with nickel powder (test powder),
dysprosium +nickel and dysprosium

* Measurement with and without homogeneous
magnetic field

* Rotation in the magnetic field

Measurement in LN2

Freezer bag

Perdaix magnet

Optical fiber

Clemens Dittmar

Strain*E-6

Strain k-b

\
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Measurement in LN2

—100 A

—-200

Angle to B-field
0°

—300 1

45°
Q0"
— 0°
—45°
-90°
-180°
0°

—400 A

—500 -1

—-600

2.40

2.35

Fiber

250  2.55
Length [m]

Nickel + Dysprosium }

2.45 2.60

2.65

Dysprosium

—416 1

+

Angle to B-field
0°

45"
90°
0*
-45°
—90°
-180°
o*
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—420 |

—422 A

—424 1

+H+++++ +

—426

+

—428 1

+
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0 20

40

60 80 100 120 140 160
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TMeasured - TMean [K]

Pt1000 Temperature Sensor

Pt1000 measured tolerance

Tolerance range:

+0.15 + |T — 273.15|- 0.002

i ® PtloooCl A
0414 ass
1 M
021§ 5 'es 3
] L ki
00{ B 1 !
| MR B
. 1
0al 8 b
—0.4 -
1(|)0 léO Z(IJO 250 3(|)0 350

T [K]

5
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Pt1000 Measured statistical nois

40 A

35 A

30 -

25 A

20 A

Number

15 -

10 A

5_

O_
0.0000 0.0025 0.0050 0.0075 0.0100 0.0125 0.0150 0.0175 0.0200

o(T) [K]
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Back to the application =
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!

200
1 = At hot spot
. 1/4 turn to hot spot
180 7| = 3 turns to hot spot
| == Start heater
1 == Full turn lower current
1601 .
& { ==+ One Fiber, Pure Thermal
—_ == One Fiber, Thermal-Mechanical
v 140 4 —— Double-fibre temperature
=
e
g 120 A
o
£ 100 -
GJ .
= :
80775 i
11 1
11: |
00 171
. - | — | —
e | 1 ]
1 T T T T T T T T T T
0

10 20 30 40 50
Time after start of heating [min]

Conclusion:
Structure monitoring and quench protection is possible
with the OFDR and multiple fibers.
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Groove Width

3840
3820 1
© I
U1 3800
*
|
3780
L ]
3760
L ]
0.0 0.2 0.4 0.6 0.8 1.0
Fiber slot width [mm]
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OFDR Analysis

€
Sensor §
H(®) = p(o)e?® 3
Measurement )%
=y
A — 5 .
= ).
n Refe_r;nce Polarization LE'\: g. p( )
controllers . o 0
Tunable splitter rl llo ¢’( )
laser
source & 3dB coupler
~ - o
h, = FFT{H(®)}, s
Amp[dB];, = 10log[|h|] OBR.4613 g
Fiber constants
A S
V
— = K;AT+ K. € - .
£
3/20/2023 Clemens Dittmar

Rayleigh Backscatter Amplitude

'40 L] L3 T T L] L L L] L]
B0} Reference
Gauge length Measurement
-120 " I n
-140 I 1 1 I - 1 1 \]‘» - I 1 1
0 01 02 0304 05 0607 08 09 1
yd Length (m) N
,«’/' Fourier
Transform
V \
J/ g
Spectrum of Single Fiber Sensor Gage E \
.80 h

(b)

110
193

1931 1932 1933 1934 1935 15836 1937 1538 1939 194
Frequency (GHz) . 105

Cross
Correlation

4000 |

2000

Av o

(c)

200 -100 0 100 200 300 460 500

Frequency Shift (GHz)

-400  -300
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Al-alloy skin for mechanical strength and axial thermal conductivity

Al-6063-T832, 1 mm

0.1mm _—"""*

optical fiber

A

Al-6110-T9, 0.5 mm Laser-Spot Welded

Al-Honeycomb, 10 mm

Al-6110-T9, 0.5 mm

Stack of HTS tapes
Honeycomb for P Epoxy between layers

X, = 10.2% = Thickness of structure / Radiation length 47
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Strain Sensitivity: Germanium doped fiber

800 1

600 +

>

—LvkE.g

400 4

200 1

Fit{x) =a + b-x

a = 6.20e+00 = 4.9e-01 -
b = 8.2899e-01 + 8.2e-04

X _

=01

C10.95 -
Germanium Fiber -
Tw = 300K i

201

(Data - Fit(X))*E-6
(=]

—-20 1

600 800 1000
Strain*E-6

0 200 400

800 1

600 1
£ 400 -
3>

200 +

20 1

—20

(Data - Fit(X))*E-6
[}

Fit(x) =a + b-x -
a = 1.94e+00 + 5.4e-01 e
=== b= 7.9175e-01 + 1.0e-03 L
x P
wa = 0.1 > 8
Cl 0.95 ' - "_#”
+ Germanium Fiber e
Tu=77K e
J”
""
/”
”’.
a”".
-
4”’
Pias
0 200 400 600 800 1000
Strain*E-6
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w
=

al=

(Data - Fit(X))*E-6

:
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800 1

600 -

400 -

200 1

Fitlx)=a + b-
a = 5.35e+00
b = 7.892e-01
XZ

= 0.2

Cl 0.95

Germanium Fiber
Ty =77K

X
+ 7.4e-01
+ 1.2e-03

400
Strain*E-6
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800 4

600 -

—82E-6

200 4

20 1

(Data - Fit(X))*E-6
o

—20 4

400 4

Strain Sensitivity: Boron doped fiber

Fitix) =a + b-x -
a =5.59e+00 + 4.7e-01 P
=== b = 8.2789%e-01 * 8.0e-04 -
=01 L
€1 0.95 -
N -
+ Boron Fiber Jtog
Tu = 300K R
-
”'
/”’
”’#‘
ﬂ"
-
4-""
0 200 400 600 800 1000
Strain*E-6

w

EY
<
|

(Data - Fit(X))*E-6

800 -

600 -

#4001

200 1

25 4

—25

Fit(x) =a + b-x
a = 5.55e+00 =
X

7 = 0.2

Cl 0.95

Boron Fiber
+ =77k

b = 7.898e-01 + 1.5e-03

8.8e-01 e

400
Strain*E-6
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w
B

3=

(Data - Fit(X))*E-6

800 ~

600 A

400 A

200 A

50 1

—50 A

~Z Fraunhofer

Fit(x) =a + b x
a=2.250e+01 + 9.1e-01 s
b = 7.936e-01 + 1.6e-03

¥ o_
N—dr—O.(}

Cl1 0.95 *"
+ Boron Fiber -

Tm=T77K

0 200 400 600 800 1000
Strain*E-6
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Av

v

(Data — Fit(T) *E-6

Temperature Sensitivity: 233 K—353 K

Climate Chamber Germanium Fiber Data

Climate Chamber Boron Fiber Data
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2004 Fitth = A-(Ty—Te) + B-(T4—T3) = FI(T) = A~ (Ty = Tp) + B (Tj = TR) a
A = -2.44e-06 + 2.5e-07 s 300 - +C(T3-T3) sy
3004 ~7° B = 6.563e-09 + 2.2e-10 st A = -9.5e-06 + 3.7e-06 BEas
X _ #F 1l === B=2.2e-08 + 6.5e-09
war = 1.3 Ll 200 C=-1l.4e-11 + 5.0e-12
200 + Cl 0.95 ’,a‘ E o 14 ”,a
+ Climate Chamber, Germanium Fiber P x 100 Nt = L
100 | - g Cl 0.95 o
,u/ g 04 < Climate Chamber, Boron Fiber e
0 T ’J’ él‘: e
- -
- ' 100 Sl
~ —_ B S ad
100 | R 7
4’.” ”Ax
200 L —200 1 anre
4‘” ’d’
B 2l P
300 A —300
T T T T T T T fte) T T T T T T T
5 i 5
{ | : J
0+-———F————————— }- —————————— - +— ——————————— UF 0 ‘““*‘ """"" - ) (it ity ittt mity It At
3
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A*E-6 [1/K]

Reference Temperature check Germanium Fiber
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Parameter A Parameter B
0.00 4 * ¢
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Reference Temperature check Boron Fiber

(Data — Fit(T) *E-6

B*E-6 [1/K?]

(Data — Fit(T) *E-6
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