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AMS100
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Design requirements

A Geometric acceptance of 10(Rsr
['H1000 times the acceptance of AMS

A Max. detectable rigidity of 100 TV

A Measurement of cosmic nuclei with energies
up to the cosmigay knee
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High Temperature Superconducting Tape
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Coil Parameters

A Length of 6 m

A Diameter of 4 m

A Operating at 55 K

A Current 10 kA

A Layers of 12 mm HTS
A 5 km Kabel length

A 1 Layer Kabel

A Nonlsolated

A Aluminium UProfile

Highly protected against
damage caused by
guenching

HTSTape:

<Schematic of RE-based HTS tape>
Stabilizer [Cu plating] 20pum

Fujikura Ltd. (2022) [6]

Protection layer [Ag] 2um

Superconducting Layer [GdBCO] 2 ym / [EuBCO+BHO] 2.5 pm

Buffer layer [MgO, etc.] 0.7um

Substrate [Hastelloy®] 75/ 50 pm

A Will be damaged at temperatures above 473K and mechanical loads over 6OOI\/le

J. van Nugteren (2016) [7]
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Sensors
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Limited weight budget

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

Distributed temperature and strain monitoring with Rayleigh scatteand 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 ThorLabg9]

Clemens Dittmar 6



Optical Frequency Domain Reflectometry (OFDRY.

unhofer
OBR4613,Luna Innovations

A Light in an optical fiber

can scatter at :
) ~ Coupler Fiber under test
spectral index changes

due to inhomogeneities — e ] R ;
roy w 2 = . & oupler Coupler
oOaw | e f S 7\ d K { O | l [ Fiber under test | Tunable 00 &I,]_P

Laser
A Each segment of an optical fit -ap , Polarization Polarization
has an individual Rayleigh
scattering spectrum
A OFDR compares the
changes between spectra for

the same unloaded and loaded
fiber segment

A
2 K AT + K. e

e

1%
AT = Ty — Tgr e = &L

Clemens Dittmar Girmenand Dittmar et al. 2023 [4]7
Lunalnnovationdnc. [5]



Optical Frequency Domain Reflectometry (OFDRY ..

OBR4613,Luna Innovations
A Light in an optical fiber

can scatter at :
) ~ Coupler Fiber under test
spectral index changes S

due to inhomogeneities C R H
roy w 2 = . 7 oupler Coupler
oOaw | e f S 7\ d K { O | l [ Fiber under test | Tunable 00 il,]_P
i I ““ s olarization olarization
A EaCh Segment Of an Optlcal fll X .y - . Pcclmtroltler b:alm Spltitter
has an individual Rayleigh
scattering spectrum 1000
Reference T. = 293K
A OFDR compares the gop | Messurmen T = 263K
changes between spectra for Strain o -E60%E-6 e
the same unloaded and loaded o0 ]
fiber segment v
= 400 -
Av
- T :KT'AT_I_KE'E 200 . .
1% Free Fiber Glued in Aluminum
AT — T T . M (SM1500({9/125)P) p—
Mo aR €T I *2e a5 50 52 54
Length [m]

Girmenand Dittmar et al. 20234] g
Lunalnnovationdnc. [5]
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What can be measured?
Temperature changes

Thermomechanical changes

Mechanical changes

Linear standard model for minor temperature changes at room temperature

Av
— == =|Kp- AT
v
Temperature Sensitivity

AT = Ty — Tr

+ K, €

Strain Sensitivity

AL
¢ T
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Non-LineatModel

What can be measured? Linear standard model for minor temperature changes at room temperature

Temperature changes

Av AT = TM — TR
Thermomechanical changes Ty =K - AT+ | Kc - AL
€ = F
| L
Mechanical changes Temperature Sensitivity Strain Sensitivity

New nonlinear modelwhich considers all temperature influences:| Theoretical prediction:
Av A Strain sensitivity is

— =[E(Tr, Tny) |+ G(Tr, Tna) |+ [ Ke(Tha) - €Baternat(Tnr) temperature dependent

K(T)=m-T + b

Av B
—— A Tu = Tr) + 5 - (Thy — Tw) + O(T7)

A Temperature sensitivity

Ty + IR depends on doping and is also
+ (m - 5 + b) - €sub. (T, TR) temperature dependent
+ (m Ty + b) " €EExternal (TM) Kp(T) = L dn (T)

~ ndl
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TestSetup and conditions:

\

Strain Sensitivity as a Function of Temperature

A Tensile test at 300K and 77 K 0.86 1 — Germanium - Fiber
Boron - Fiber
A Two fibers glued in one groove 0.84 1 — slope, Dwyer et al. 2004
‘ =~ OBR Standard Value _ ,J[
‘, % 0.82 T /
3 I Strain gauge N —
o * Pt1000 0.80 1 ="
Nl g | Optical fiber '
' 0.78 -
N2 0.76 A
«— LN2 container 0.74 -
1 0.72 -
0.70 A
] ) 100 150 200 250 300
Al tensile specimen

Clamp T [K]
!/ Results:

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

Clemens Dittmar 11
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Temperature Sensitivity Germanium

TestSetup and conditions Warm-up Germanium Fiber Data
0T R = AT =Tw) +§-(Th-TR) 2

A Warmrup (77¢ 290 K, 18h) R I A o
A Climate chamber, 6 steps (28335 K) ose0]  Awm1e
A Mechanical part considered by 2 s00] 4 WarmUp, Germanium Fiver

determining the thermal expansion of-8060 £ 300

with calibrated strain gauges and 4 00

the determined strain sensitivity 100

25 A

|
N
u1

(Data — Fit(T) x 107
o

100 150 200 250 300

: T [K]
B Pt1000
Optical fiber Results
Left Middle Right Germaniumdoped fibers:
ST - - A Quadratic temperature dependence
Thermalbox A Signal also at 77K

Clemens Dittmar 12
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Temperature Sensitivity Boron

TestSetup and conditions Warm-up Boron Fiber Data
Fit(T) = A-(Tu—Tg) + & - (T3 = T2) ‘
A Warmrup (77¢ 290 K, 18h) 4001 A+=%(- i’;i‘fi’;i (T3 =T
A Climate _chamber, 6 steps (28335 K) 0 3001 B = (L1160 & 0027110~
A Mechanical part considered by 5 o fiae = 00pag®
determining the thermal expansion of-8060 2000 s

av
v

<+

Warm-Up, Boron Fiber

with calibrated strain gauges and 100
the determined strain sensitivity

0 -
N
S
= e
|
g T T T T T
100 150 200 250 300
A TIK]
B Pt1000
Optical fiber Results
Left Middle Right Borondoped fibers:
ST - - A Not sensitive to temperature < 150 K

Thermal box

Clemens Dittmar 13



Temperature Sensitivity

TestSetup and conditions

A Warmup (77¢ 290 K, 18h)

A Climate chamber, 6 steps (28335 K)

A Mechanical part considered by
determining the thermal expansion of-8060
with calibrated strain gauges and
the determined strain sensitivity

B Pt1000

Optical fiber

Left Middle Right

LN2

Thermal box

Clemens Dittmar

KT*E-6

RWNTH
~Z Fraunhofer

Temperature Sensitivity as a Function of Temperature

7 il
6 2
5 o
4
3 T - Germanium Fiber, Warm-Up
== = K7 - Germanium Fiber, Climate Ch.
2 . K7 - Boron Fiber, Warm-Up
Kr - Boron Fiber, Climate Ch.
== 55K - Prediction
1 ] i = Germanium-FBG, Elton et al. 2014
—— Boron-FBG, Elton et al.2014
0 il R Free Fiber, Taolue et al. 2022
T - Theoretical prediction for silica
¥ Standard Value
S 1 1 1 I 1 I 1
100 150 200 250 300 350
T [K]
Results

A Germaniumdoped fibers: linear temperature sensitivity
A Expected temperature sensitivity at 55 K: GGBR/K]
A Borondoped fibers: not sensitive to temperature < 150 K

14



Test of Calibration:

TestSetup and conditions:
A Ring shaped Aluminum body
A 5 cm high, 15 cm diameter
A Both fibersglued in
one Aluminum groove
A Warmup (77¢ 300 K, 18 h)
A Climate chamber, 6 steps (283853 K)
A Shape similar to AM$00 test coils

>

7,,

Pt1000 Optical fibers

Fiber groove

RWNTH
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Germaniutioped Fiber

Calibration Test Germanium Fiber

| —— Prediction, T = 233K
—— Standard Model

1 —— Taolue et al. (2022)
[ Prediction range

1 -4 Optical-Fiber

100 150 200 250 300 350
T [K]

Results:
A Well described across the total temperature range (€7383 K)
A Consistent with literature parameterization

Clemens Dittmar 15
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Test of Calibration: Boresioped Fiber wr UNVERSITY

TestSetup and conditions:
A Ring shaped Aluminum body
A 5 cm high, 15 cm diameter
A Both fibersglued in
one Aluminum groove
A Warmup (77¢ 300 K, 18 h)
A Climate chamber, 6 steps (283853 K)
A Shape similar to AM$00 test coils

Fiber groove Pt1000 Optical fibers

v xEg

—1000

—2000 +

—3000 H

Diff. *E-6
N
o
o

Calibration Test Boron Fiber

—— Prediction, Tz = 233K
—— Standard Model
2000 1 g Prediction range

4+ Optical-Fiber

3000 A

1000 A

o

l(I)O 150 2(I)0 250 3{I)0 350
T [K]
Results:
A Systematic drift at low temperatures
A Deviation within the prediction range

Clemens Dittmar 16
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of the coil

TestSetup and conditions: Inside of the coil
A HTSCoil with 2.5 windings I
A 10 cm high, 12 cm diameter

A 2 windings fiber under HTBape glued in Aluminum
A Peek tubes for guiding the fibers into the structure

L PEEK tube

Power supply connection

Brass flange

___ Brassflange

Brass flange Al core Fiber & groove HTS tape

<

~——— Optical fiber Voltage tap wiring

Clemens Dittmar 17



. RWTH
HT& TESt COII Z Fraunhofer

TestSetup and conditions: 1200A applied current
A HTSCoil with 2.5 windings

A 10 cm high, 12 cm diameter

A 2 windings fiber under HTBape glued in Aluminum
A Peek tubes for guiding the fibers into the structure

Z[mm]

Power supply connection

___ Brass ﬂange
5" )
V

~——— Optical fiber Voltage tap wiring

Clemens Dittmar 18
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TestSetup and conditions: 1200A applied current
A HTSCoil with 2.5 windings

A 10 cm high, 12 cm diameter 0.8
A 2 windings fiber under HTBape glued in Aluminum — - 10
A Peek tubes for guiding the fibers into the structure %= -
6 £ g
Power supply connection a " |r:
2 0.4
0

__Brass fl;nge
> \ \\{ .
ﬁ ) ‘
X S Y Qurrent flows through Aluminum structure
v 4 S A Magnetic field measurements: current flow of 8000 A
B -optiCal fiber voleee 2P WIlE  through the Aluminum structurat 1200A applied curren

Clemens Dittmar 19
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HTS; Test CoilDynamic T. Measurement =

TeSt'SGtUp and CO ndl'[IOHS Mean temperature at current ramp and switch off
A HTg:O'I W|th 25 WlndlngS Applied current
A 10 cm high, 12 cm diameter 0.4 I +_|_HT'+ + meancentralfiver Ty 1.2
A 2 windings fiber under HTBape glued in Aluminum 10
A Peek tubes for guiding the fibers into the structure 0.3 1 | *
< - 0.8 ~
Power supply connection rr: 0.2 | * L 0.6 §
= } | - 0.4
0.1 -}
4 | 0.2
o.o-}“ }IIH} 0.0
/- 0 5 10 15 20 25
. - Bliass flange | Time [s]
?‘ /‘ ‘\ S
X . REsults:
- . == A Temperature curve follows the current curve
Optical fiber

. - _
velesetapwiine - A Changing current flows can be measured

Clemens Dittmar 20



Decoupling ol hermal&

Combining two different fibers into one measurement
A Signal difference is due to the temperature sensitivity

difference
A Newton method for function inversion

TestSetup and conditions:

A Ring shaped Aluminum body

A 5cm high, 15cm diameter

A Both fibersglued in one Aluminum groove
A Warmup measurement (7¢ 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
0 4... B ! = P Free Fiber, Taolue et al. 2022

st Fiber groove Pt1000 Optical fibers

100 150 200 250 300 350
TI[K]

Clemens Dittmar 21
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Optical fibre temperature compared to Pt1000

\

A Combining two different fibers into one measurement

105 1

Fit
A Signal difference is due to the temperature sensitivity 100 ] ~-- B2 70151400 = 9.9¢.03 S

difference | oo I

©
9]
o
o
()
(&)

A Newton method for function inversion % 00 + Werm-Up Data
. 85 1
TestSetup and conditions: 1
A Ring shaped Aluminum body e | .
A 5cm high, 15cm diameter c | HH m
A Both fibersglued in one Aluminum groove L H*WMMM“L MHWIW ------
A Warmup measurement (7¢ 300 K, 18 h) s L | | | | |
’ 75 80 85 a0 95 100
v 10 [K]
0.30 — ?SX()}.;E -ie‘(‘)f;;*ng‘”z” ReSUIt:
@ =-1.39 £ 0.04 .
. - 0=255+ 004 Temperature resolution:
ML 2.6 Kfor 7¢ 100 K
Fiber groove Pt1000  Optical fibers O:OO s

-10.0 -75 =50 =25 0.0 2.5 5.0 7.5 10.0
Tosr — Tpt1000 [K]
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A OFDR works at 77 K with optical fibers integrated into a
structure.

A Germaniumdoped SM fibers are sensitive to temperature
changes down to 77 K and probably down to 55 K.

A Local heat sources and temperature profiles can be measure 4 Comperastin,
and the sensitivity is highly dependent on the substrate. o .~ ’
A Decoupling with two differently doped fibers is possible, MG

allowing temperature measurement with 2.6 K uncertainty.

A Published paper:

Girmenand Dittmar, 2023 ""Young's modulus independent determinatiofiilofe-parameters for
Rayleighbased optical frequency domain reflectometry from cryogenic temperatures up to

353K’ 4 Solenoid
. . d=4m (13 ft)
A Paper N preparatlon. S5 0.5 Tesla

"New Measurement Principle for Decoupling Mechanical and Thermal Signals in OFDR _ _
Measurements for integrateBibre$ Electric Propulsion
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Thank you for listening!

Are there any questions?
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HTS; Test CoilMeasurement 2
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TestSetup and conditions: 1200A applied current
A HTSCoil with 2.5 windings

A 10 cm high, 12 cm diameter

A 2 windings fiber under HTBape glued in Aluminum

A Peek tubes for guiding the fibers into the structure

A 3 additional Pt1000 and Kapton tape

Clemens Dittmar 27
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HTS; Test Coil: Measurement 2 =

TestSetup and conditions: 1200A applied current 10
'—0 8

\

A HTSCoil with 2.5 windings

A 10 cm high, 12 cm diameter
A 2 windings fiber under H¥Bpe glued in Aluminum 11 T 10
A Peek tubes for guiding the fibers into the structure 18 "8
— 6 §, O.GQ
-—r | 2 0.4"'
0
60
0.2
o0 =20 4 —4520~x\(°
X [mm, a0 60 60 0.0

Results:
A Temperature profile with maximum of 0.8 K
A Mean temperature higher as without Pt1000

A 3 additional Pt1000 and Kapton tape A Pt1000 position detectable

Clemens Dittmar 28



‘ .\‘ =
3~ NN

A The only operating particle detecto ,\
with a magnet in space R

A measure charge, massand | fora e
velocity of charged particles @ =
A Rigidity (momentum per unit charge) » «

A Can therefore distinguish
particles from antiparticles

’ A Measures precisely cosmic ray A
fluxes with an accuracy of 28861 "\ 77 xig
‘ at 100 GV AN N
) W P NS

;,- A Installed on the ISS since 2011

agnetic Spectrometer



25 TrIr

N
(=)

[IIIIIIIIIIIIIIIIIIIIIIII

-
Q1
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o

@, [GeVZ m2srisT

e AMS-02

== Fit with Eq.(4) and
68% C.L. band

Source term

1
Aguilar (2019adapted[3]

10 100

Clemens Dittmar

| | L L] I
Positron Spectrum

Energy [GeV]

1000

EX.: Positron FluxSearch for Dark Matter

Diffuseterm:

Low-energy part of the flux
dominated by the positrons
produced in the collisions of ordinary
cosmic rays with the interstellar gas

Sourceaerm:

Origin through pulsars or dark matter
anihilationor an unknown source

30
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Coil Parameters

A Length of 6 m

A Diameter of 4 m
A Operating at 55 K

A Current 10 kA Al-6063-T832, 1 mm
A Layers of 12 mm HTS Otmm _—
optical fiber
A Nonsolated
A Aluminium UProfile ‘
: l Al-6110-T9, 0.5 mm L;EIEiEr'-SF}Dt Welded
E
— ] Al-Honeycomb, 10 mm
H|gh|y protected agains1 Al-6110-T9, 0.5 mm
damage caused by
guenching
Clemens Dittmar 31
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HTSCoil: Quench
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t=1907.7772's t = 2749.0927 s t=2768.2164 s
A > B > c
200 200 1 200 1
—* -
2 100 T | 100 T | 00
?
2 0 0 0
@ {
X 100 100 100 T
200 \/ 200 "\// 200 \///
e, 400, y 2 o100, 3 2 S 1% g & ® °
pe’at ,ew%o 6 5 4 position, M e Sraf, ,610%0 g & ¢ position, M pe’at ,610%0 6 5 4 position, M
200
= At hot spot
180 4 tume 1o hot oo
— — Start heater . . . .
160 § ==l tum lowercurent Thermalelectromagnetic quench simulation by Tim Mulder

=
i)
o

Start Parameters: A Layers: 18 layers HTS

A Current 10kA A Temperature: 51K

A Windings: 376 A 200 W heateat threeneighboring
winding sections

Temperature [K]
= -
o N
o o

[o0]
o
1

)]
o

1
O+t

10 20 30 40 50 Clemens Dittmar 32 .
Time after start of heating [min] Schaeekt al. (2022)[1



HTSCoil: Quench
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t=1907.7772 s t = 2749.0927 s t=2768.2164 s
A > B > &

200 ] 200 1 200 1
2 100 - 100 T 00
3 ‘
8‘ %
2 0 T 0 ] U
=
o
= 100 100 1 100 T

200 \// 200 \/ 200 \///

20 20 20

pe%oow 4 3 2 peqooom 4 3 2 "@qooom‘} 5 Ho Bonn te

ay,, ,e %00 6 ° Position, M at, ,e %00 6 ° position, M "y ,e 00 6 position, M

200

= At hot spot
180 4 Yo tonov e . . - .

A Quench detection and structural monitoring are still
1604~ Full turn lower current

required

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

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

=
i)
o

Temperature [K]
= -
o N
o o

[o0]
o
1

)]
o

1
O+t

10 20 30 40 50 Clemens Dittmar 33 .
Time after start of heating [min] Schaeekt al. (2022)[1
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Description:
Loss of superconductivity over the entire coil with conversion of the stored magnetic field energy into|he

Reasons:
Local or global heating:

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

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

Process:

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

A Low heat input which is greater than the cooling can remove
A If local, current can bypasses neaperconducting region througaluminiumstructure

A Coil can remain stable

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

Clemens Dittmar 34



Temperature Sensitivity

TestSetup and conditions

A Warmup (77¢ 290 K, 18h)

A Climate chamber, 6 steps (28353 K)

A Mechanical part considered by
determining the thermal expansion of-8060
with calibrated strain gauges and
the determined strain sensitivity

B Pt1000
Optical fiber

Left Middle Right

LN2

Thermal box

Clemens Dittmar

OBR-4613 >

Wiring of Pt1000 sensors

:

\
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e 8¢

Keithley 2701
multimeter
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