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Origin of AC losses

There are 3 main sources of loss when a transport current is ramped in a superconducting magnet.
= Hysteretic magnetization loss (i.e. flux flow combined with flux pinning, results in a net energy loss when subjected to a field cycle)
= Proportional to the superconductor Jc and filament size (Deff)
= Inter-strand coupling loss (ISCC) and Inter-filament coupling losses (IFCC)
= Combination of individual superconducting filaments and a separating normal-metal matrix results in a coupling Joule loss

= Low thanks to the use of cored cable

= Low at the typical ramp-rate of an accelerator as LHC/FCC (10 A/s)
= Eddy currents in normal-metal

= Iron yoke and saturation effect
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Fig. 19. Coupling currents flowing via crossover resistance R, in transverse field (upper wires shown light grey)
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Fig. 18. Crossover resistance R. and adjacent resistance R,.
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Origin of AC loss

First estimate of AC losses: Hysteresis losses

t
Y eff)dB .
Qeye /0 J(B) S dt  [J/m83, per cycle]

thst—tot — Qcyc * Ve [J, per Cycle]
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Hysteresis loss reduction:
- minimize De
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Origin of AC loss
First estimate of AC losses: Coupling losses

o 2 (dB/dt)2
T = 2 (CQ% Qcoupling — 2T [W/mS]

HO

Qcoupl*ing—tot — Qcou;pling * I/:::ond

Coupling loss reduction:
- minimize twist pitch
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AC losses measurement

O Measurement issues in superconducting magnet

O The AC losses are delicate measurements as one has to detect Joules (resistive)
over hundreds of kJ (inductive voltage).

Q It requires High Resolution/precision Digital MultiMeters (DMM 1 uV £ 0.01%).

O Measurement requires to perform a great number of cycles at different ramp rate and level of current.
Those are time-consuming measurements that are not systematically done.

O Need a performant framework for automatic analysis over 10" of file, 100t of cycle, 10" of voltages.
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Measurement Procedure (hardware)

Measurement of the voltage across the coil using the voltage taps signals acquired with high precision high resolution DMI
Measurement of the the transport current using DCCT signals

Numerical integration of the power over current ramp cycle.

W = J’ | -Udt Digital analog output
W — energy loss
| — current,
U — voltage, Digital to analog
t - time converter
-
1

'S .

computer

Digital multimeter

Hugo Bajas, WP5 coordination meeting 28, 07-11-2017



Measurement Procedure (example on SMC11T)
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Current cycle between two level of current
@ different ramp rates

File: HCLMSMC003 00000101 Loss 4.2K 2015 07 23-09 24 18 dmm AC Loss Measurement
Data Plateau

_1.55....I...I | IR PR S S T |

0 1000 2000 3000 4000 5000 7000 8000
11/06/2017 TE-MSC-TF Time [s]

Measurement Procedure (example on SMC11T)

File: HCLMSMCO003_ 00000101 Loss 4.2K 2015 07 _23-09 24 18 dmm.csv_test AC Loss Measurement

Data Plateaun
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Measurement Procedure (example on SMC11T)

Current cycle between two level of current P=U.I
@ different ramp rates

File: HCLMSMC003 00000101 Loss 4.2K 2015 07 23-09 24 18 dmm AC Loss Measurement |@ File: HCLMSMC003_00000101_Loss_4.2K 2015 _07_23-09 24 18 dmm.csv_test AC Loss Measurement
Data Plateaun VTotal

E 15000 E E 4000 — 101[A/s]
= 12500 F H = [ = 101[AJs]
[ [ [ — 100[A/s]
£ 10000 F S 3000 — 100[A/s]
= g H S [ — 100[A/s]
O 7500 F R 2000 L —— 100[A/s]
s I ] I —— 100[A/s]
5000 3 i . | -’__‘___1_____——-—— = 100[A/s]
g /A — 204[A/s]
2500 :_ 1000 ” "‘.’,,..q—-""""""-'-"“--'1 | = 200[A/s]
E RIS AR A\Y AV T S~ —201[A/s]
0 0 er— 1 —— 199[A/s]
~ 1.5 ¢ N ——200[A/s]
= \\]K'J 200[A/s]
@ E . 200[A/s]
o0 r -1000 | ~ .‘-—ﬁ\__‘# 403[A/s]
S 05 r e e ————— 499[A/s]
0k I 399[A/s]
s | —
-05 _ L —_ s
. 3000 — 20[A/]
1 __ -4000 ; PRI VI RSP I SR (SRS S S RSP EIN BRI S RSS!
T T 0 25 50 75 100 125 150 175
0 1000 2000 3000 4000 5000 6000 7000 8000 IZ [MAZ]
11/06/2017 TE-MSC-TF Time [s] 11/07/2017 TE-MSC-TF

Importance of the cycle and offset definition!!
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Measurement Procedure (example on SMCI11T

File: HCLMSMC003 00000101 Loss 4.2K 2015 07 2309 24 18 dmm.csv

AC Loss Measurement

VTotal
= L.25E+05
= | Loss 1] | ofLoss) [7] | didt [A/s] | I_max[A]
2 L 81.7 0.00 101 1001
3 L 024 | 001 103 1001
[ L 126.0 0.01 204 1001
: 100000 L 1441 0.02 20 2001
o I 2669 | 002 200 | 2001
. L 180.5 0.02 101 2001
En L 456.6 0.01 400 2001
=*] L 4721 0.01 201 4001
é 75000 E | 6754 | 002 | 496 | 4001
| 3711 0.01 100 4001
| 472.4 0.02 20 6000
i 296 | 001 199 | 6001
| 837.6 0.02 300 6001
538.4 0.02 100 6001
50000 7573 0.02 200 8001
1041 | 002 50 | 800l
672.9 0.01 100 8001
870.2 0.02 200 10001
12523 | 002 199 | 10001
25000 707.6 0.02 100 10001
o877 0.03 200 12000
886.2 0.02 100 12000
9333 | 001 20 13000
oL L 0523 | 001 100 [ 13000
0 100 200 300 400 500
Time [s]

11/06/2017 TE-MSC-TF

Loss/cycle=Ef — E;

File: HCLMSMC003 00000101 Loss 4.2K 2015 07 23-09 24 18 dmm.csv

AC Loss Measurement

VTotal
= - 'I B} Loss [7] | ofLoss) (7] | didt [Ase] | I_marc(a]
2 [ 81.7 0.00 101 1001

; 1250 | | 2024 0.01 403 1001
5 L 126.0 0.01 204 1001
g i 144.1 0.02 20 2001
o i 2669 0.02 200 2001
R 1000 [ { 1805 0.02 101 2001
o | 456.6 0.01 400 2001
g L 4721 0.01 201 4001
= i S— 675.4 0.02 496 4001
750 | 3711 | ool 100 3001
[ 472.4 0.02 20 6000
| A 6206 0.01 190 6001
| 837.6 0.02 300 6001
500 F 538.4 0.02 100 6001
I 7573 0.02 200 3001
[ 1041 | 0.02 500 8001
| 672.0 0.01 100 3001
250 | 879.2 0.02 200 10001
] —— 12523 | o 400 10001
I 7976 0.02 100 10001
i 9877 0.03 200 12000
0 [ 886.2 0.02 100 12000
| 0333 0.01 20 13000
T e e T 0523 0.01 100 13000

0 100 200 300 400 500

11/06/2017 TE-MSC-TF
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AC loss as function of the ramp rate (linear fit)
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Loss per cycle [J]
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At 1000 A

At 2000 A

At 3004 A

At 4000 A

At 6000 A

At 8000 A

At 10000 A

At 12000 A

At 14000 A

—42.18 + 0.467x

—121.91 + 0.775x
194.49 + 1.03x

——323.24 + 0.876x
465.19 + 1.03x
631.36 + 1.04x
728.97 + 1.05x

—851.50 + 1.03x

—321.46 + 2.46X
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0 250 500 750 1000

Ramp Rate [A/s]

Measurement final result (example on SMC11T - RRP)

AC loss as function of the current (quadratic fit)

1500

1250 |

Loss per cycle [J]

1000 [
750 |
500 |

250

IIII:II:II:II:IIIEIEIIJ

At 5 Als

At 20 A\s

At 50 Als

At 75 Als

At 100 Als

At 200 Als

At 301 Als

At 400 Als

At 500 Als

At 600 A's

At 700 Als

At 800 Als

At 1000 A's

—0.0114x + 2.65E-05x"2

e 0.0664% + 1.50E-06X"2
0.0961x - 2.00E-06x"2
0.103x - 2.91E-06x"2

———0.109x - 2.43E-06x"2

———0.145x - 4.93E-06x"2

0.174x - 7T.47E-06x"2

0.211x - 9.74E-06x"2

no

no
o 0.322X - 1.86E-05x"2

no
—0.374x - 2.13E-05x"2

11/06/2017 TE-MSC-TF
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Current [A]
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15000

03
0.2
0.1
0
-0.1
-0.2
-0.3
-0.4

Voltage [V]

11/06/2017 TE-MSC-TF

AC Loss Measurement

Caveant [A1

Caveant [A1

File: HCLMSMC003_00000101_Loss_2015_07_22-11_53_45_dmm
File: HCLMSMC003_00000101_Loss_2015_07_22-11_53_45_dmm

File: HCLMSMC003_00000101_Loss_2015_07_22-11_53_45_dmm
File: HCLMSMC003_00000101_Loss_2015_07_22-11_53_45_dmm

File: HCLMSMC003_00000101_Loss_2015_07_22-11_53_45_dmm

Algorithm to automatically process large number of:

AC Loss Measurement
AC Loss Measurement
AC Loss Measurement
AC Loss Measurement
AC Loss Measurement

AC Loss Measurement

File: HCLMSMC003_00000101_Loss_2015_07_22-11_53_45_dmm
Data Plateau

Caveant [A1

Caveant [A1
Caveant [A1

ill

File: HCLMSMC003_00000101_3_Loss_2015_09_18-10_11_48_dmm

— 15000
12500
10000
7500
5000
2500

0
0.75

Current [A]

0.5
0.25

Voltage [V]

0
-0.25
-0.5
-0.75

AC Loss Measurement

Data Plateau

v b
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1
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11/06/2017 TE-MSC-TF

Voltage |V]

12500
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7500 £

5000

2500

0.15
0.1
0.05
0
-0.05
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-0.15

11/08/2017 TE-MSC-TF

File: SMC11T_4a_Loss_2016_08_18-14_23_19_dmm

Measurement Procedure (example on SMC11T)

@ File: HCLMSMC003_00000101_Loss_2000A_14000A_2015_06_30-10_48_42_dmm

magnets / files / cycles / signals

i

2500

AC Loss Measurement




Measurement final result (example on SMC11T4 - PIT)

File: SMC11T 4a Loss_2016 08 18-12 21 17 dmm AC Loss Measurement File: SMC11T 4a Loss_2016 08 18-12 21 17 dmm AC Loss Measurement
View View

[=))
o
[=]

= O m At1001 A = 600 B At10As
= B At2001 A = B At101 A's
5‘ s00 | O At4000 A E‘ 500 O At200 A's
2 i - O At6000 A 2 O At250 A
§ 100 | m O At 8000 A @ i O At300A's
~ 3 O At 10000 A S 400 O At400 A's
B At 12000 A W At 500 A's
300 F C —21.89 +0.269% 300 F ———0.0230x + 4.58E-06%"2
! —02.64 + 0.402x ———0.0505x% - 1.43E-06x"2
L ——137.91 + 0.526x I - 0.0823% - 5.04E-06x"2
2001 ——190.26 +0.611x 200 ¢ o 1o
238.62 + 0.691x I 0.0904X - 4.16E-06x"2
100 | ——277.32 4 0.746x 0w [ O no
I no [ :/. ———0.130x - 7.24E-06x"2
0 b e 1 . oL ! ! ! 1
0 100 200 300 400 500 0 2500 5000 7500 10000 12500
Ramp Rate [A/s] Current [A]
11/08/2017 TE-MSC-TF 11/08/2017 TE-MSC-TF
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Another example of RMC...

Result for RMC_QXF

Quench file: RMC QXF Loss 2017 04 10-14 27 52 dmucsy Vsum Quench file: RMC QXF Loss 2017 04 10-14 27 52 dmmcsy Vsum
— 5 = — 5 |
= 0o H g O AL 1005 A - 000 O d OAU10 Ass
o 1 o O O At 2002 A — | o O AT 20 A's
gr O gt a| .
o o O At 3004 A o m} O O AL S0 A's
& 4000+ = o O At 4001 A 2 1000+ o o m} 00 At 100 A'h
= At 5001 4 = At 144 A'g
18 g At 6000 A u| oo AL 225 Alh
X a O ALS00] X E H AL255 A
3000 + O At 9001 A 3000 + O o O At 305 Atk
| O At 10000 A a O At 390 A'p
=] O At 11000 ;A @ o
2000+ g o O Ar 12001 A 2000 + o H H
H Ifl O O At 13000 A o B
1000 i 1000 d
1. B8 O T o
== o o 5
mo ° £
—t 0+t
100 200 300 400 500 0 2500 3000 7500 10000 12500 15000

Ramp Rate [A/s] Current [A]
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Example of analysis on MQXFS5

Current/voltage : : :
0 0 Power over cycle (1 coil) Loss per cycle function of ramp rate (4 coils)
(0-50 % Inom & 50 -100 % | nom)
File: MQXFS5_Loss_2017_11_03-11_48_33_dmm AC Loss Measurement File: MQXFS5_Loss_2017_11_03-11_48_33_dmm AC Loss Measurement File: MQXFS5_Loss_2017_11_03-11_48_33_dmm AC Loss Measurement
Data Plateau Veoil_206 All_coil
— 10000 ¢
= . >3 6000 —20[AJs] = 2000¢ B Vcoil 203
E 8000 F = 50[A/s] ) N
e 5 50[AJs] E 1900 E —1408.22 +2.25x
5 6000 £ £ 4000 [ o 5 : B Veoil 206
o £ IS g g 1335.90 + 1.85
4000 F —200[A)s] 2 1800 . 00X
—250[A/z] Z [ O Veoil 205
b 2000 2 ¥
2000 F = 1700 F 1394.37 +2.17x
0 | | | | s B Vcoil 204
= 3¢ 0 1600 [ —— 132844 +1.67x
% 2F 1500 |
% 1F 2000 :
g 0T -rLu 1400 F
4 F [ -4000 [ t o
1300 F m
2 F . |
5 E | | | | -6000 1 1 L 1 1 1 1200 i n i1 PSS S SV Y S S NN S | S S —""
-3 0 50 100 150 200 250
2000 3000 4000 5000 6000 7000 . 8000 0 10 20 30 40 0 f? Ma 27]0 Ramp Rate [A/s]
11/09/2017 TE-MSC-TF Time [s] 11/09/2017 TE-MSC-TF 11/09/2017 TE-MSC-TF

File: MQXFS5_Loss_2017_11_03-14_08_24_dmm AC Loss Measurement File: MQXFS5_Loss_2017_11_03-14_08_24_dmm AC Loss Measurement File: MQXFS5_Loss_2017_11_03-14_08_24_dmm AC Loss Measurement
Data Plateau Veoil_206 All_coil

O

= 18000 r 10000 1300
< 16000 L = — = B Veoil 203
- =z, s
2 : = S0[A/s] = ——903.88 + 1.47x
£ g 7500 100[As] Z .
5 14000 F z LA S oo [ B Vcoil 206
© : = so00 | —200[A/s] g 883.15 +0.827x
12000 F —250[A/s] % .
E O Veoil 205
10000 F J 2500 F - 1100 [ 895.85 + 1.36x
8000 E ' - : : : ! I B Veoil 204
— 3 r oF ——860.54 +0.781x
a L
o 2 F L
g 22500 F 1000 i
= 1F L
= F
>
L i -5000 |
0 900 | g
-LE 7500 | H
2 F =]
E -10000 L L L 1 300 | A SRR BRI N .
_'; L 1 1 1 1 1 1 1 1
2 5 5 5 3 0 50 100 150 200 250
2000 2500 3000 3500 4000 4500 5000 5500 6000 6500 0 100 150 200 250 2 200 R
. I" [MA'] amp Rate [A/s]
11/09/2017 TE-MSC-TF Time [s] 11/09/2017 TE-MSC-TF 11/09/2017 TE-MSC-TF
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Simulation with Roxie (11T dipole)

11 T (2 apertures) loss per cycle (up+down) = 7 kd/m

Measured losses on 11 T short model MBHSPO012

4500 Low field: from 0.1 to 6 kA §§§
4000 Becoggececrcececee B R IC AL BW.ccceeessscsasssnnnne Bl ceccscccscsscsscssccs u ngh fleld From 6 kA tO 1185 kA :;:; £ j
3500 y = 0.8788x + 3860.8 TR
- v . B ;
—~ 3000 — p— ’
© Courtesy _of SI Bermudez - £ l \ c X
52500 e eevikeveeerneesanernnesaneefipennnseanasnaseaneenes A and G. W|||er|ng -l ’ ‘ '
5 ‘..‘ ............ Y ETTTIITRRITTLE F' ROXIE s ) .
g2 AN TITIA Ty =128800r 22282 Margin on the loadline
— 1500 ®  Meas. Low field g
1000 A Meas. Hig Field
s00 o Linear (Meas. Low field)
I I e Hinear (Meas. Hig Field) Our assumption: ISCC and IFCC are
0 50 100 150 200 negligible, only strand magnetization
current Ramp-Rate (A7) losses are considered

Strand magnetization, which depends on
Sub-element diameter (d,;)
Critical current density (non-Cu) (J,)

1
Cu/non-Cu ratio (1) M(B) X dsyp * Jc (B) " 5=

A+1

C
=)
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Roxie Model Input

= Superconductor current density as specified for HiLumi

Nb;Sn

BCZ(T) = B2 - (1 - t1.52)

- T,=16K
« B,y =29.38T c(t)

— . h0.5 _ 2
- a=0.96 Je=—g - b (1=h)

= C,=188870 A/iImm? T

C(t) = Cn - 1—t1'52 a, 1—t2 a
= 3 % cabling degradation 2 0 ) )

Current density (A/mm?)

= Reference: D4 = 50 um, no reduction due to flux jumps
= Sensitivity analysis to:

= Effective filament size D4 = 20 pm, D4 = 50 pm

= Reduction of strand magnetization at low field due to flux jumps x= 0.5-1

Courtesy of P. Ferracin
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Roxie Model Input

Margin to quench (%) Temperature margin (sl Jop,Bop, Top)|K)

1580
1338

Courtesy of S.I. Bermudez
Iron mesh and vector potential and F. Murgia
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Modelling SC magnetization

« Semi-analytical hysteresis model for the superconductor, developed in [1],
and implemented in ROXIE [1].

« Limited accuracy at low field, partially due the reduction on magnetization
observed in Nb;Sn due to flux jJumps [2], which can be overcome by
introducing a reduction on the strand magnetization below a given field level.

* Model has been validated in 11 T [2] and MQXF [3] magnets

400 .............. fr e e e : .
f . |-="ROXIEyx=1 | aob v . * MBHSPIOZ | Courtesy of S.I. Bermudez
, ---ROXIE 3 =0.75 | : | TTrROXIER =1
200, ROXIE 3, =0.5 | ROXIE 2 =0.5] LF
: ¢ NMeasurements | 'E‘ 201 &Y N \ .............. e PO thf(B) = Dpjf()( + (1 — X)(B/BO))
‘E‘ 0‘ ............................. ................ ................ E
E : ) : oy
:LD = 0_ .....................................................
_200_ L AREIE il
TN
}:\! | 20F ph .............. s S |
-400; 5 1 5 s To 0 2000 4000 6000 8000 10000 12000
B [T] ITA]

[1] C. Vollinger, Superconductor magnetization modelling for the numerical calculation of field errors in accelerator magnets. PhD thesis, 202
[2] S. Izquierdo Bermudez, et.al, Persistent Current Magnetization effects in High-Field Superconducting Accelerator magnets, IEEE 2016

- . [3] S. Izquierdo Bermudez, et.al, Magnetic Analysis of the Nb3Sn low-beta Quadrupole for the High Luminosity LHC, IEEE 2017
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ROXIE vs AC loss measurement: 11T

Measured losses on 11 T short model MBHSP012
 Measured ramp up + ramp

down around 6 kJ, 6/1.7= 3.6 4500
kJ/m for a S|ng|e aperture 4000 Beooqgeeeereeeees e eeeeeeneees Booioecensananoncnnes Bheoeoncnsnnansssnsases -
. . = 0.8788x + 3860.8
(ROXIE gives 4 kJ/m, a bit 3500 y
conservative, but good enough g 3%
for a first approximation). e U ———— L — i
5 2000 y = 1.2889 + 2228.2
11 T - Magnetization loss per aperture ROXIE —' 1500 m  Meas. Low field
(Deff = 0.046 mm, RRP 108/127) m m3 1000 s+ Meas. Hig Field
Pre-Cycle (0- 11.85 kA-0.1 kA) 4133 8139%+05 ( L Linear (Meas. Low field)
Ramp up (0.1 kA -11.85 KA) 1853 | 3.650E+05 500 71— .. Linear (Meas. Hig Field)
Ramp down (11.85 kA - 0.1 kA) 2207 4.346E+05 0
Ramp down + Ramp up 4060 7.996E+05 0 50 100 150 200
(11.85 kA-0.1 kA-11.85 kA) Current Ramp-Rate (A/s)
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ROXIE vs AC loss measurement: MQXFS

e Measurements: 7.5 kJ/m, so

IV File: MIQXFSS Less 2007 _11_08.14_05_24_dmm.csy AL Loss Measurement
reasonably close to the 8.3 MQXFSS - Short model magnet (1.2 m) Templai
2000
; B Veoil 203
kJ/m predicted by ROXIE [ LFCyclekA: 0.2-2ln50/2->02 KA e
i i O Veoil 206
(actually Jc is 5 % lower Z s = Vonll 206
than the spec in MQXFSS5, ﬁ 3 Vel 201
Ly Pl sl
: . 1500 | o
so the difference is [ " Veoll 204
- . L Lt b
explained with that) sl 10997 + 2 53x
= pjl——891.19 + 1.94x
i 1339.02 +2.11x
£70.17 + 1.25x%
1000°1 B 1398.75 + 2.44x
— £84.35 + 1.81x
MQXF - Magnetization loss ROXIE [ e 1335.20 + 189
(Deff = 0.039 mm, PIT bundle) J/m J/m3 730 . — slu : - — ‘];u' : zclmi Pol——845.47 + 1.21x
Pre-Cycle (0-16.47 kA-0.1 kA) 8474 5.994E+05 e Ramp Rate [A/s]
1 kA-16. 3782 : o
Ramp up (0.1 kA -16.47 kA) 2.675E+05 Total magnetization loss for HF + LF (i.e., ramp up and ramp down to nominal current)=
Ramp down (16.47 kA -0.1 kA) 4503 3.186E+05 (5.5 + 3.5)/1.2 = 7.5 kJj/m
Ramp down + Ramp up 3286
(16.47 kA-0.1 kA-16.47 kA) 5.861E+05
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Conclusion

If the theory behind AC loss is well understood, the literature about Nb,Sn magnet is rather limited and
mainly referring to ITER magnet (central solenoid pulse mode).

« Experimental results on recent Nb;Sn magnet shows values one order of magnitude higher
than NbTi (0.5 kd/m vs. 8 kJ/m)

« Alarge amount of experimental data is now available from (SMC, RMC, 11T, MQXF) with a defined
procedure for AC loss quantification.

« Anew framework of analysis has been developed following literature procedure to process a large
number of files (including old file with different format) can now be treated massively.

« So far only electrical method has been used. Next would be to perform calorimetric method.
« Simulation work is just recently started at CERN...

« Subsidiary goal... can we simulate quench current versus ramp rate using AC loss measurement?
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Thank you for your attention!
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