SMCTM1a test summary and next steps
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U.S. MAGNET
DEVELOPMENT SMCTML1 test goals

PROGRAM

Prove the concept of SMCT dipole coil design in 4-layer mirror configurations

Demonstrate the magnet can reach the targeted quench current at the set pre-load

Study ramp rate and temperature dependences of magnet quench current

SMCT 2L outer coil

15T 2L inner coil

4-layer mirror magnet
« SMCT 2L outer coil
e 15T 2L inner coil

! / stainless steel shell
== iron filler

aluminum clamp

’ _ iron lamination
iron mirror

stainless steel rod
stainless steel end plate
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U.S. MAGNET
DEVELOPMENT

PROGRAM Instrumentation - General overview

o Voltage taps — for guench detection and characterization;
splice resistance measurements

o Strain gauges on coils, poles, bullets/rods and shell — strain monitoring
during cool down, warm up and quenches to build the full stress picture
vs conditions

o Protection heaters — for quench protection of the superconducting
magnet

v The magnet is basically protected by an energy extraction system
Acoustic sensors - for independent quench characterization
Fiber optics — strain measurements of the shell.
Temperature sensors — outside magnet/coil temperature




U.S. MAGNET
DEVELOPMENT
PROGRAM SMCTM1a test

=== l
NbTi lead to the top head LN WN2
WN 07 7/
Only the | = W D7 SMCT coil
outer HC1 Ay
SMCT coil Simplified schematic
connected for Test 1
to power
supply
+ WP
NbTi lead to thetop head LP WP2
=0-0 "““-m-;::.:h_‘:_

floating NbTi lead

floating NbTi lead
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U.S. MAGNET
DEVELOPMENT

PROGRAM Voltage taps

=@ l
NbTi lead to the top head LN WN2
WN
HC1
Simplified schematic
for Test 1
+ WP
NbTi lead to the top head LP WP2
*-0-0—

Electrical check after magnet fabrication: C3-C6 taps are open
Locate quench in L3 layer will not be possible
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PROGRAM Quench protection

SMCT coil, outer layer, protection heater wires
* Protection heater

g - — discharge at 340 V
— —_—— * Dump resistor at 60

mQ

G2-5
G3-4

MID




U.S. MAGNET
DEVELOPMENT

PROGRAM Strain gauges

* 64 strain gauges installed:
o 15 on coil 3 on the pole and midplane. Lead and return end

o 16 on the skin: 8 upper/ down, Longitudinal and azimuthal
orientation @ 45 and 75, on the lead end and return end of the
magnet

o 28 bullets on the rods
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U.S. MAGNET
DEVELOPMENT
PROGRAM SMCTM1a Test plan

U Room Temperature preparation
o Electrical checkouts and Hi-pot

o Hi-pot schedule: Coil to ground (with heaters grounded or floating) at 1000 V, PH to ground (with coils grounded
or floating) at 1000 V.

o Initial RRR measurements: check CVT, FVT and Lead signals
U Cool down

o Restricted cool down: temperature difference between the magnet top and bottom should not exceed 50 K
O System checks at 4.5 K with 60 mQ dump resistor:

o Cold Electrical Checkout and Hi-pot, Quench Detection Checkout

o the AQD/DQD balancing

o Ramp to 1000 A, adjust Cu-1 AQD balance and perform manual trip

o Heater induced quenches at up to 5 kA
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PROGRAM SMCTM1 Training at 1.9 K

E o
17000 . . . . . . b1 D3
16000
SMCTM1 € Inner layer
I < Outer layer
15000
<
= o oo
£ 14000 B e S
= et ¢ \ ] Outer layer quenches:
O 13000 . 15t quench was in the D4-D5 segment
é o ¢ * ] * 3 more quenches in the D6-D7 segment (pole turn)
) 4
& 12000 7S
| o ] Remaining quenches were all in the inner layer:
11000 Position is unknown because VTs were open
10000 ; ; ; ; ; ;
0 5 10 15 20 25 30
Quench # 86% of SSL reached in 18 quenches
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PROGRAM Temperature dependence

18

—4.5K
—4.2K
—1.9K
— -Load Line

14600

16 A

!
89% of SSL

14400 u

14

Current, kA

12 4

14200

10

14000

10 11 12 13 14 15 16 17
Magnetic Field, T

13800

13600

19K 4.2 K 45K

Quench current (A)

’
kA |Tesla| kA |Tesla| kA |Tesla 19400- 90% of SSL |]
16.47 |14.21|15.15|13.23|14.89|13.04 13200

13000

15 2.0 25 3.0 3.5 4.0 45
T(K)
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Ramp rate dependance

16000
* Linear extrapolation at O ramp rate:
14000 maximum quench current is 15 k
e 13.1T;91% of SSL at 1.9 K
12000 4
< 10000
€
@
= 8000 ~
- 9% reduction of maximum achieved quench
% 6000 _ — current with respect to SSL can be due to
Equation =a+b* .
8, Weght ___|No Welghing conductor degradation
4000 —1+—{ Squares
Pearson's r -0.99692
Adj. R-Square 0.99283
Value Standard Error
2000 4 Intercept 14844.59875 122.60604
c Slope -15.28169 0.49063
0 , ; , ; ;
0 100 200 300 400 500
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Splice measurements

m DIl
5.5x10° 5.0x10° . . . . —— Linear Fit of Sheet

W

% 1 /. 1 ] B measured V
5.0x10

4.5x10° linear fit
- . - |
4.5x10°

././ 4.0x10°
4.0x10° N
3.5x10
] B  measured V ]
3.5x10° linear fit

slope= 0.3 nOhm 3.0x10°

Voltage (V)

Voltage (V)

3.0x10° = |
] /'/ ] 2.5x10°
_6 _
2.5x10 . 1 . /
1 ! 2.0x10
2.0x10° -F : T/
1.5x10° .

2000 4000 6000 8000 10000 12000 2000 4000 6000 8000 10000 12000
ramp current (A)

o

ramp current (A)

Splice resistance = 0.3 nQ2
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U.S. MAGNET
DEVELOPMENT

PROGRAM Strain gauge measurements: current ramps

V1_CuHolPentBuNegM 1

14,000

13,000 The majority of the current ramps were
12,000 performed at

000 « 50A/supto6/7 KA

- « 20 A/S at higher current

9,000
8,000
7,000

Current, A

6,000
5,000
4,000
3,000
2,000
1,000

0 500 1000 1500 2000 2500 3000 3500
Time

. U.5. DEPARTMENT OF Ofﬁce Of

NERGY Science




LE-Outer-C Bu41l comp

0L5€T
LOTET

840¢T

6860T

0800T

6v16
8res

[4 443
€809
LCES
0cey
190¢€
000¢
I8

LE-Outer-T Bu4 comp

LE-Outer-NT Bu44 comp

10.00

0L5€T

o
Q
o
—
i

-30.00

o o o =

S S S

=} =} =} =}

P ~ & —

1 | | —
:

115N ‘uiens

A2

A2



RE-Outer-CT Bub5 comp

RE-Outer-NTC Bu63 comp

40.00

40.00

8

-20.00
-40.00

nsn ‘uiens

-20.00
-40.00

115N ‘uiens

A~
A

-60.00

-60.00

-80.00

RE-Outer-T Bubb comp

RE-Outer-NT Bu62 comp

A2

2
<
0
8 8 S S S S S 8
(=] (=) (=] = m (=] (=) (=]
g S 5 _ @ % S
:

115N ‘uiens



LE-Inner-T Bul2 comp

LE-Inner-NT Bull comp

10.00

0L5€T
LOTET

840¢T

6860T

0800T

6v16
8re8

[4 443
€809
LCES
0cey
190¢€
000¢
I8

.00

115N ‘uiens

115N ‘uiens

OF

. DEFARTMENT

Office of
Science

ENERGY



RE-Inner-C Bu55 comp

RE-Inner-T Bu56 comp

0L5€T
LOTET

840¢T

6860T
0800T

6v16
8re8

[4 443

€809
£{eh

oz >

190€ >
000z

wvmm
0

=] =] =] =] =] m
(=] (=] (=] (=] (=]
=] ] m =] ] =]
o~ o [=e] (=)
_ ] _ _ a
115N ‘uiens

RE-Inner-NT Bu54 comp

10.00
-10.00

-20.00

-30.00

115N ‘uiens

-30.00

-50.00

-70.00

-50.00
-60.00

-90.00

A2

A2



SK_D_FB_AZ_LE_75 SK_D_FB_LG_LE_75

-8.38E-04 1.63E-04
< O O am> ol Mmoo~ Q Moo < n o m = M~ W oM 00 g o g o
@nooN g Qg D = N O = w o 0 M m Q w I wn [ T = I = < = B = =] ~
-8.39E-04 ~ Qen sy ) R ] ~ < 5 D n N D ANNTDODH DD
=} < < @ S oM < LDenNEe oo O % A o wn o~ §oaNadgagany 1.62E-04
a2 RRRA8 s g3 48 BR SREDdRESIRE8
-8.40E-04 3 Gxobdg gh COST W~ OO =] I ~ W P00 M0 MmWO MO ool
— N A WS n o e o~ — o m o m 0o NP~ n o~ N <+ o< 1.61E-04
— — — - — — — — — - — — - -
-8.41E-04
8.42E-04 160604
-8.43E-04 1.59E-04
-8.44E-04 1.58E-04
-8.45E-04 1.57E-04
-8.46E-04
1.56E-04
-8.47E-04 _
T 1.556-04
-8.48E-04 <
B 8.49E-04 £ 154804
= wv)
£ -8.50F-04 1.53E-04
wv)
-8.51E-04 199604
-8.52E-04
1.51E-04
-8.53E-04
g5aE0n 1.50E-04
-8.55E-04 1.49E-04
-8.56E-04 1.48E-04
-8.57E-04
SK_D_FB_LG_RE_75
-8.58E-04
4.23E-04
-8.59E-04
4.22E-04
-8.60E-01 4.21E-04
-8.61E-04 420E04
—SK_D_FB_AZ LE_75 4.19E-04
-8.49E-04 4.18E-04
-8.50E-04 4.176-04
-8.51E-04 4.16E-04
-8.52E-04 A4 15E-04
-8.53E-04 414602
-8.54€-04
£ 413E-04
-8.55E-04 .
= £ 412604
£ -8.56E-04 Ju
= : & 4.11E-04
£ 857604
5 -8.58E-04 4.10F-04
-8.59E-04 4.09E-04
-8.60E-04 4.08E-04
861804 4.07E-04
Be2E0 4.06E-04
-8.63E-04
4.05E-04
-8.64E-04
sesE04 4.04E-04
-8.66E-04 4.038:04
-8.67E-04 4.02E-04
-8.68E-04 4.01E-04
_8.69E-04 TR 22883253 2% 02525 zaY 38 48 D33 LRBELERBZLEZER
) 5 $9333 2% L3RRS 5 & S8 DR ISR IR2233
_8.70E-04 H Dm0 ® B3 Ao 08g3 = Nd @O IRNY2g3%25a28
’ 3 Exs5d48 g5 THREZRES 52 28 RBg EEnna3afsag
-8.71E-04 — 0N 0D - DO H~H @ m 3 @ RS oo N ER=
- ! — — i - - - o - - —

SK_D_FB_AZ RE 75 ——SK_D_FB_LG_RE_75




SK_D_FB_LG_LE_45

SK_D_FB_AZ_LE_45

P

3.59E-04
3.58E-04
3.57E-04

9TFESB09T
TSFT6TPTT

£E6TLED
P8ekSTEIT
88FTO8STT
£€9¢46009

LYE8PCTIT
CSLLOPSTT
00L46T65
CPS8T6T
PI66897ST
98888860T
L9£0€9ES
0r€9Zes

ST609TFT
68T
COPSTS6TT

TEOVE9LET
LBSEIFVE
CBS6PELY

9LS0S80TT

€9255T19
8209899ET
COEEIVT6

0Z9TTLT

0856r6¢8
STOTOSLT
195989
8718Z/86
Frorele9
18169661
&)

-1.335E-03
-1.336E-03

3.56E-04

3.55E-04

-1.337E-03

3.54E-04

3.53E-04

-1.338E-03

3.52E-04
51E

3.50E-04
3.49E-04

s ‘utlens

3.48E-04

3.47E-04

3.46E-04

3.45E-04

3.44E-04

SK_D_FB_LG_RE_45

3.30E-04

-1.339E-03

-1.340E-03

115 ‘ulens

-1.341E-03

-1.342E-03

-1.343E-03

-1.344E-03

3.29E-04

3.28E-04

-1.345E-03

¢L6C002rT
0v6EC9ITOT
00EV8/97
9606%55
669C9T6ST
88VT08STT
8.E68655
L6TTTLE
BLOTTLLLT
96TILLELT
L98VPYLE

12
TPSLOL9ET
€9558546

00€6T8Z
SEvETarrT

SEVSTEOET
¥8L9THC8

114
S5988L9TT
T8CTTI86L
L9699LLT
0T8.565KT
LOSLTIP0T
0959%£69
€GLG5T9

SK_D_FB_LG RE_45

8T8v9.86
S08BEEOPS

12
£6608700T
€6095579
685150T
999FELBTT
Srevs/es

9TL0S69T
12

3.27E-04
3.26E-04
3.25E-04
% 3.24E-04
3.23E-04
3.22E-04
3.21E-04
3.20E-04
3.19£-04
3.18E-04
3.17E-04

SK_D_FB_AZ_LE_45

SK_D_FB_AZ RE 45

-8.83E-04
-8.84E-04
-8.85E-04
-8.86E-04
-8.87E-04
-8.88E-04
-8.89E-04
-8.90E-04

115 ‘ulells
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DEVELOPMENT

PROGRAM Fiber optics

=5 e
=Nl There is a 7 meter-long fiber installed on
——TeE. 4
s & the mirror skin:
* Position was chosen close to the
strain gauge
* Grid design will be used to measure
strain map
« Part of the fiber cover the entire
magnet length longitudinally and large
arc azimuthally
Validation of the VMTF new fiber line
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PROGRAM Fiber optics

e e e e R B DS S
Channel 3

Status Identifying...

Return Loss

Insertion Loss

Remote Module to

\1 Fiber Connection -52.57 dB -1.37 dB . .

' Patch Cord to s B Fiber was pinched
| Sensor Connection ¢ -2,

| ?‘::l:?r:ation -111.53 dB -6.06 dB

Refresh OFDR OFDR Plot

Ka
oom to Sensor ] Py

Fiber was rekeyed:
4 m of patch cable
4.5 min cable

Magnitude

2m
Feedthrough

10
(Y Length (m)

Close
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U.S. MAGNET
DEVELOPMENT Acoustic sensors

PROGRAM

* 1-4 are glued at MP 15mm from shell.

» Positions nearest to midplane close to body of
magnet allow longest t_delay from side to side
for improving positioning resolution

* Glued to small stainless blocks via stycast

« Alternate location is glues to the end ring in
adjacent location to allow clearance to fit in
dewar

« 5-8 are glued onto rod ends

» Possibly provide some L/r info, mostly
longitudinal

Courtesy of S. Krave
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U.S. MAGNET
DEVELOPMENT

PROGRAM

» Checkout was completed

All sensors working with appropriate amplitude

Taps on magnet corners show proper progression
of waves from LE to RE, side to side.

« example on right, tap on lifting lug

Acoustic wave reaches two side sensors (bl and y)
in 112 us at ~3800 m/s

 Data collected at 1 MS/s for a minimum of 7
sensor channels.

No signal from the sensor during the ramp

. U.5. DEPARTMENT OF

NERGY

Office of
Science
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U.S. MAGNET
DEVELOPMENT
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Acoustic sensors issues during test

* Problem: Active usb cable failed during magnet ramping and balancing sporadically crashing computer
e Solution: Remove active USB cable and extend BNC/pigtails.

* Problem: Acquisition PC out of storage space
* Solution: Remove redundant data, Store data on external drive

* Problem: Acoustic sensors draw too much power - transistors may be compromised. Typical power is ~1 mW each

* Solution: Isolate problem sensors and troubleshoot. Add current limiting resistor and isolate power per sensor.
Redesign existing coupling board.

* Problem: 8 channel picoscope VIl is buggy
e Solution: re-write software
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« SMCTM1a:
Second
thermocycle

U.S. MAGNET
DEVELOPMENT
PROGRAM

Check Mirror
magnet
memory

Take RRR data

Next steps

SMCTM1b test: both coils connected to the power supply

NbTi-NbTi sp

. Simplified schem
= for Test 2

$ NbTileadstothetop head

WNN2-
LNN WNN




U.S. MAGNET

DEVELOPMENT
PROGRAM SMCTM1b Test plan

Test of SMCTM1b will be identical to SMCTM1a

Protection heater studies will be performed at the end of this test

The reference current levels for the protection studies are given below

Values will be recalculated based on the maximum Quench current achieved during training.
Heater performance studies: Minimum quench energy and protection heater delay
Goal: Find minimum heater power density needed to start a quench for different current levels

o The heater will be fired at gradually increasing power. Maximum power with 340 V.

o Minimum power density to quench is found. Quench delays is estimated varying HFU voltage between
minimum and maximum power density

| Current[kAl | 14 | 228 | 420 | 56 | 70 | 84 | 9.8 |112]126] 14 |
o1 02 03 04 05 06 07 08 09 1
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U.S. MAGNET
DEVELOPMENT

PROGRAM Summary

a The stress management dipole coil has been fabricated and is being tested in a
4L mirror magnet SMCTM1.

0 Instrumentations consist in Voltage taps, strain gauges, fiber optics and acoustic
Sensors

0 The SMCTM1a magnet reached 90% of SSL and the maximum field of 12.7 T.

oOnly 4 quenches in the outer layer of the SMCT coil

aTemperature dependence and Ramp rate dependece behavior suggest some conductor
degradation during coil fabrication and magnet assembly.

0 The stress management design concept has been successfully validated
0 Test will continue powering both SMCT outer and 15 T inner coil

Office of

.5. DEPARTMENT OF
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U.S. MAGNET
DEVELOPMENT

PROGRAM Strain gauges - warm up/cool down

Some readings are consistent with swapping channels
(but we couldn’t find proof of that)

All normalized to ZERO just before cool-down, in microStrain

SG -5 27"0"‘" ¥
§ dco \s TES';A AZ 45 g

=
e 175

-201

_
‘fl ‘ R L) 3 “‘ ]
AN B

skin 80-100 1.2e6 +110 +1.2e6 +20 -150 40-60
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