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MDPCT1 (“15 T") tests

O The magnet was first tested in Summer 2019 — MDPCT1

1 After some modifications related to end-support (discussed elsewhere)
it was retested in Summer 2020 - MDPCT1b

 MDPCT1b went through two thermal cycles (TC1 and TC2)

v' Performance in TC1 was previously presented and discussed, main points shown again here
v" In TC2 the magnet showed very limited performance and we analyze this here
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“15 T” coil connections

9/3/2020
Lower laygr 4 er4
COIL 005 ' COIL 004
COIL 002
COIL 003

Lower layer 1

Upper layer 1
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“15 T” voltage taps

Coil instrumentation (seen from “above”)

D1
Bl B2  ps D4
D3 Layer 4
Layer2 &3 D6
B4
B6 c3
A3 ca c6 ) 3
ayer
Layerl a4 L A7 c5 y
c1
c4 L3 inner surface (from below)
c5 Co
_/ C7 \
* Most MDPCT1b quenches
0 e 0o S, A 9| ¢....0.0....000 coe o (and a" in TCZ)
o g N ISy were in coil 5C
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MDPCT1b Training
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(it is possible that
degradation goes on)

o coil 4

O coil 5

Ramp #14

11000
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ﬁ COMDPCT1b
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89000

8500

8000

Quench current (A)

7500

7000
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@ In TC2 all 1.9 K quenches were at ~7.82 kA and 4.5 K
quenches at 7.03 kA (20 A/s).
All guenches started in 5¢6_c7 with a familiar

. Tez pattern to some TC1 quenches.
In TC1 this pattern was seen in the very beginning of
training at 1.9 K as well as in all > 2.2 K quenches and
, . . ie \ 4: ; high ramp rate quenches.
Temperature (K) So the quenching segment (and pattern) changed

from 5¢c5 _c6 in the end of training at 1.9 K to 5¢6_c7
in TC2 but remain the same at 4.5 K.

The quench current dropped from ~69% SSL (coil5) to ~54% SSL suggesting significant conductor degradation after the TC.
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omtg/tata TC2, Ramp 2, 1.9 K, 7825

51=V1 _VOT0p5003_£004|'\4_1
52=V1_VeTap5C04_5C0O5M_1
¢ 53=V1_VoTapSCO5_5COBM_1
S4=V1_VeTapdC06_5C07M_1
55=V1_VeTapdC07_5007M_1
S6=¥1_VeTapdC02_5C03M_1
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In TC2 all 1.9 K quenches were at ~7.82 kA and 4.5 K
quenches at 7.03 kA (20 A/s).

All guenches started in 5¢6_c7 with a familiar
pattern to some TC1 quenches.

In TC1 this pattern was seen in the very beginning of
training at 1.9 K as well as in all > 2.2 K quenches and
high ramp rate quenches.

So the quenching segment (and pattern) changed
from 5¢c5 _c6 in the end of training at 1.9 K to 5¢6_c7
in TC2 but remain the same at 4.5 K.




Quench patterns (TC1)

Signature Ramps (including Ramp Rate, Temperature Dependence)
5; ¢6_c7)c5_c6)c3_c4 85, 84, 83, 82; 79?,78?; 76,11, 3
5:0c5_cb|cb_c7, c3_c4 81,80175)74, 73,72, 71, 70, 69, 68, 66, 65, 64) 63, 61,60, 592, 50, 47)46,
5; c4_c5IcS_c6I d7_d6 67| 62,|55, 54, 53, 52, 45, 42, 41, 40, 39, 38, 37, 34, 31, 30, 29, 28,27, 257, 24, 23, 227, 20, 19, 15)14, 13|
4: d4_ds, d3_d4 iﬁzls,
4: c6_c4 (c6_c5), d6_d7 57, 17?
5;c5 ¢6,c6 c7,d6_d5 56, 44,
5;¢c5 ¢6,cd4 _c5,¢c6 c7,c7_d7 51
4,5; 4c6_c4,5c5 _¢6,5¢c3_c4 49
L | N
5, ¢7_d7,c6_c7,d7_d6 43 The green boxes indicate focus points to be -\o‘)
4,5; 5¢7_d7, c6_c7,4c6_c4(4c6_c5),4c7_c6 36 followed in the presentation. (QS
5; ¢6_c7,c5_cb 35, 7, 966Q
%; ¢b_¢7,€5_c6, d5_d4 33 Ramp shown are the same pointed on.gh,%‘sprevious slide.
4: d4_ds, c7_c6,c6_c5 32, 12?)6? N
5;c6_c7,c¢7_d7,c3 c4 21
4:c7 _c6,d7 c7 18
5;¢c6 c7,c3 c4,cd c5 16
5;c3_c4,c4_c5,c5 _cb 10
4: c7_c6,c6_c4(c6_cb) 9,4
4: d5_d6,d6_d7,c6_c4 (c6_c5) 8
5;c4 _c5,c5_c6,¢c3_ch 5
4; d6_d7,d7_c7,c7_c6,d5_d6 1
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it: With additional segment (likely due to longer time available)



2 3

Lower layer 4 Upper layer 4

guenches in different
non-adjacent segments
(often in different layers/coils)

Those colors indicate
COIL 005 COIL 004 " a

The only _ e -
non-pole O This color indicates fairly

location 3 well known location

. Lcrwerlaverg 220 Upperlayers 2 QO This color indicates not so

" =< > well known location

' y Both colors (and only them) can
have associated numbers which are
— = the numbers of similar quenches

A

3V ) ST PPl =7 of them are RR and TD quenches




What happened to MDPCT1b after a TC

We tried to find out...

slow Scan Data vs, date
mdpct 1b.ScribeSubject. 20081(3,5,4,6,2,7)000600.000

slow Scan Data ve. date

om mdpct b SoribeSubject. 200( 717, 716,731,721,811,725,805)060000.000 - 00.0 B . : I : I | -
T ' ' | ' | ' ’ oo Y1_TaluMalEM_2, K
o V1_TeCxMalEM_2, K - ,
P— VCT:ciMEREMf?, K aw-a W1 _TeCiMaREM_2, K
2000 — 2000 |—
Slow Scan Data vs, dale
madpot 1b.SeribeSubject. 20071 (7,6)000000.000
_ N SEe T . -
100.0 |- = 100.0 —
00 | | L
e n-LP‘BQ o o \1.0"96 o
& . & 1:_‘\ A \"%
D_D “ | | | | | H
o o of o o 0.0 |8 L
o oy o o oy o
o \'1' 5 \'1' o \"L -ﬂ-' \'—b \F‘LQ
A4 ﬂ,l.f\ ﬂ,lxq‘ o %/\ Q;\/\ %‘f'\
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MDPCT1b RRR
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| TC1 (post test)
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250
- TC2 (post test)
(-4
No abnormal RRR behavior in TC2
100
metim don’t m ment
3 sometimes we don easure a segmen
ist for technical
N
‘5‘5‘5‘6‘532#%§%“"'§"‘%“"”“‘”"‘SEEEE%E'S%g%%%%%%%%%%%%%%&&%%% o 124 [
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in inner coils

10
No abnormal behavior in TC2 except

10% higher resistance
(which don’t quench)
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S 383_382
3B3_3B2 -
B4_3B.
384_383 384383
3B5_3B4
385_3B4 -
3B6_385
r 3B6_3B5 -
387 386 3B7_386
3B8_387
388_3B7 -
3A9_388 3A9_388
3A8_3A9
3A8_3A9 =
3A7_3A8 3A7_3A8
3A6_3A7 3n6_347
3n5_388 3A5_3A6
3A4_3A5 34305
3a3 384 3A3_3A4
A2 383 3A2_3A3
2A3_2A2 2A3_2A2
2n4_203 2A4_2A3
2A5_2A4 2A5_2A4
246 245 2A6_2A5
247_26 2A7_2A5
2A8_2A7

2A8_2A7
2A9_2A8
288 249
287 2B8
2B6_2B7
285_2B6
2B4_28B5
283 28B4
282_283
5D4_5D2
5D5_5D4
5D6_5D5
5D7_5D6
5C7_5D7

2A9_2A8
2B8_2A9
287_288
286_287
2B5_286
2B4_285
283_284
282 283
5D4_5D2
5D5_5D4
5D6_5D5
5D7_5D6

MDPCT1b cold

HTCZ}I/IITC 1"
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W 5C7_507

“TC2”/”MDPCT1b”

sc6 507 5C6_5C7
- 5C5_5C6
sca 5cs 5C4_5C5
5c3_5¢4 5C3_5¢4
5C2_5C3 550
4C3_4C2 4C3_4C2
aca_acs ca_ac
4c6_4ca 4c6_aca
4C6_4C5 4C6_4C5
4c7_4c6 407_4c6
ap7_ac7 4p7_ac7
4D6_4D7 4D6_4D7
aD5_aD6 4D5_4D6 " Y
4D4_4D5 4D4_4ps w G
4D3_4p4 4D3_aD4 z R
4D2_4D3 =
4D2_4D3 - F w
w
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MDPCT1b V-l measurements

New DAQ!
MDPCT1
Coil Splice R (nOhm)
V-l curve (slopes are for 2 A1-A2 0.61
3 OE-06 visualization) 2 B1-B2 0.39
2se-06 | © Actocl — T 0
| y=3.80E-10x - 3.49E-07 O
—r— 4 c1-c2 0.28
—_ 2.0E-06 4 4c2_cl O uﬂ 4 D1-D2 0.77
Q0 - B o 5 D1-D2 0.68
% 1.0E-06 o AAA
~ 5.0E-07 QA Splice resistances with the new system
0 e - are consistent with earlier measurements.
0.0E+00 $0 The new system allows for simultaneous
_5.0E-07 2000 4000 6000 8000 measurements of many segments.

Magnet Current (A)
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MDPCT1b V-l measurements

V-| curve ... and we see resistance in
some segments starting to
3.5E-05 .
>15 nQ # grow with current as low as
3.0E-05 o05c6 c7 A 5c7 d7 & 2 kA
5 SE-05 05c5 c6 =5d6_d5 m] o .
0 Differential resistances A characteristic V-l curve is
= 2 OE-05 = 4cb_c5 o>25 nQ2 observed in the two segments
% B e guenching most (would result
= 1.5E-05 o in a very bad n-value) with the
> . o, . .
O limiting one showing faster
1.0E-05 © iy ®
0 o & '
5.0E-06 0
. Q : 5 'A'ﬁ Some other segments are
0.0E+00 B © . showing similar signs but at
0 2 4 6 8  much lower level.
Magnet current (kA)
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Voltage rise and behavior before quench

Stair-step current measurements, as

Voltage of 5¢c6_c7 at stair-step ramps low as 5 A step.

-1.20E-04 -
1ose0a O 500 1000 1500 ¢ 2000 2500 3000 We managed to reach > 100 A higher
- - - e e % 0o quench current in that way.
-1.30E-04 | - ® §p|kes are due to ramping, .
S _1.35E-04 . ! ‘ . ° : .
= Partial voltage “run-aways” are visible.
oo -1.40E-04 Slow Scan Data vs. date
g 500 W‘ - IPmilpc:Ib':"F'r:‘tJ:anScréEIe.ZUGEZBEJ[J[J[J[J[J.G[}:G n '
Q -1.45E-04 R We quenched trying to
1 50E.04 L | increase current by 10 A
instead of 5 A (same ramp rate).
-1.55E-04
-1.60E-04 _ Current _ Those indicate we are close to
Measurement points 00 |- profile | the critical surface and the AC
heating is tilting the balance.

£450.0
2 = o
ot o5 7 N K

- e; b - e;
w't o o w't o
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Acoustics

The magnet (shell) is a very good resonator.
1A [RRmam ~0.41 ms S e

This is a “4-corner” test,

0982 0952 098 i b e close to the “red” sensor,
o743 0723 074 2| (o vertical hit on a horizontal magnet
Range
0504 0504 0504 At sou | [Leowios (shear wave propagation mostly)
Hammer hlt \‘ | m'"' % Sample interval 1ps
S 2 Bl s | LE
o O 1 |y .. Sensors
4 = o j, Range =2V RE
. 7 o od e : % - 5.867 67 s.867| | LSt s
Lo s 3 I e [ “ 7 :::" :ZEV’ sensors
9.15-2 9.15 ;hannel -ZE
... though waves can 46.66.45.5 4555 Coupten oc
transform at interfaces R | |
-1038.5 -961.7 -884.9 -808.1 -731. -577.7 -347. -270.6 Capture Date 3/3/2020
plus we are never hitting | e e 3105 i p—

perfectly perpendicular
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Acoustics

LE test
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Lead end test, horizontal hit on horizontal magnet
(longitudinal waves forming)

fil 7\
f I| { 'I \
[\ | A
M A a A
n Al "‘ xl,\ - n I A YA B
AR MO A A myn | \
- \ ]
‘l ’/\ | i l' ' ( nl ’| | /I | filll J
Y /1 Y} 1 AN AN B
4 [ | \ | | [ ) [
Ly ; / | "1 | { { I‘ |
\l .‘ \ A/." l [ ’\ \{ | L:x |
] | | ! |
O NV M LU N |
- \' B ; ! : ‘ i | "J | . f
‘l | |\"” | [ “v’.' | " k | \ "
f | v o/ R | |
\f \/ |
11 ‘. k,- \ \ :.4
!I ll - V \/
\ v\
P—— v
~0.15 ms

14

10/27/2020

Crave

... though waves can
transform at interfaces
plus we are never hitting

perfectly perpendicular




b2

44.11 ~0.05 ms

+——>
20.46

/o

Acoustics

{

Lead end test, hgrizontal hit on horizontal magnet

| f

1 ~0.2 ms

A

senso \ /\/ \\ //

-145.0
-363.1
us

-299.1
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-235.1 -107.2 -43.28 20.68 8463
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148.6

B et X]

Sample interval 50 ns
Sample rate 20 MS/s
No. samples 1,000,000
Channel A
Range =2V
Coupling DC
Channel B
Range =2V
Coupling DC
Channel C
Range =2V
Coupling DC
Channel D
Range 22V
Coupling DC
Capture Date 3/3/2020
Capture Time 126:35 PM

Capture Rate
Saved with

PicoScope 6 - 6.13.154081

PicoScope 4824
FZ013/007




Acoustics

Toward the end of the “signal” Lead end test, horizontal hit on horizontal magnet
Sample interval SOns
Sample rate 20 MS/s
No. samples 1,000,000
Channel A . .
Range 22v There is a mix of waves
Coupling DC . . .
= = interfering but main modes
il o can still be seen — longitudinal
. E and sheer waves with
ange 22V
Coupiing oc characteristic periods
{; Channel D
Range =2V
Coupling DC
Capture Date 3/3/2020 -
Capture Time 126:35 PM [ ’ _
Capture Rate ) ‘
Saved with x "
PicoScope 6 - 6.13.154081 Mo E
PicoScope 4824 \ \.
FZ013/007 v
17.97 18.24 18.5 18.76 19.02 19.28 19.55 19.81 20.07 20.33 )
me Iv s,
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Acoustics

0 135 204 1304 1393 1457
| | |

v = f.:'\

= D (TITOTI0OT 0TI T000 et e K.

. wavelength (m)
= . [ frequency (Hz or s71)

Velocity
(mvs)
Solid
Longitudal Shear Extensional
Copper, annealed 4760 2325 3810
Copper, rolled 5010 2270 3750
Iron, cast 4994 2809 4480
Longitudinal distance between outer surfaces Iron, electrolytic 5950 5240 5120
P V) Steel (1% C) 5940 3220 5180
Where SENSOors are 1s 105 cm. Steel, stainless 5790 3100 5000

If L=1m, and f=1/0.4 (ms) thenv=2.5km/s _ _ _
lfL=1m,andf=1/0.2 (ms) thenv=>5km/s The picture so far is consistent.
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Acoustics — MDPCT1b, TC2

Ramp 1 (it ended with a trip, not a quench)

%3000‘ Current is not to scale ‘:z

D_u 1E+08 2E+08 3408 4E+08 SE+0 2.22E408 2.24E408 2.266+08 2.2686408 )
f-o 08 Qrlzr+~m k| AR - RBD~lz~+~-mm|A AR
% 32 767 corresponds to 5 V LE sensor § ~8s

' RE sensor ) '
A huge event with higher magnltude than what the
! | | Ly 01

”‘WMWWWMW ‘ T magnet protection causes }

1| We never saw anything even close to that before
1M gives 1 s "

This huge acoustic event is seen at this magnitude at the return end only
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Acoustics — MDPCT1b, TC2

z 100 ms -
3 20000 A Ramp 1
10000 { &M HEl Mtk (H
0 - it . ' !
-10000 { §f l[ ‘ l |
-20000 4 | |
2.212“154’08 2.21265-#08 2.212éE+08 2.213‘E+03 2.213éE+03 2.213“1E+08 -
. RBID-L R R|A AW The magnet (shell) rings
z | oams at ~2.5 kHz for about
= 20000 f :l f 100 ms
.l 1 \ . A f Jhl
10000 1 [ i A JL H Jl J A A I] H—
“ AN LA b
0- ,sv[ { Ml A i I J\ ;[ ]J f'{ }1} [ f“] r'." [vf.fb*r} ’\. }M‘ "r 1 /’I\
VI YAV VMY MM VA Y
. l {] ft \ 1 J |V v\
-10000 1 CHAHH M| \f ¥ Ll v
st
-20000 J ‘1: Vo
2.21234E+08 2.21236E+08 2.21238E+08 2.2124E+08 2.21242E+08 2.21244E+08 2.21246E+08 2.21248E-+08

Index

Office of
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Acoustics — MDPCT1b, TC2

O~P AT RAD L+ R R~ A4l a=vta b=th
;:f 200 1 : “ : L =a+ b
5 ol Ramp 1 o 135 204 speed of sound v = (2500 - 5000) mM/s 1304 1353 1457
o-";*-'\"ﬁH-:~j1;yNl..\'54h;;j:.c;;’Wh’*}i?ﬁifffuﬁ“:_‘jiﬁﬁﬂ:‘l":: ‘W%‘r’»wﬁ,uwﬂ;w“~n{ L : ' b-4= At = (b-a)/v
At = (0.06-0.08) ms f =b/L=0.5x[1-At(v/L)]
Likely acoustic signal
; Functions of At l source zone (in ramp 1)
0.45
L — 0.5 x [1 - At (2500/1_05) | 0 135 204 1304 1393 1457‘
i e , .
L [ — 1 =
0.4 \“‘*\ e
_\ . : T
N i The fraction f, = 0.32-0.46
i LT~ (or the source is 34-48 cm
ol T longitudinally from the
af ! ~ ,
i 0.5 X [1 - At (5000 1.05 ] \\ RE Sensor) —l . L3 inner surface (from below)
0-25_ . ‘ 1 b s c6

b b b b v v b b L 1 %10 it | 7 .
0.05 0.055 0.06 0.065 0.07 0.075 008 0.085 0.09 0.095 0.1 ,," /
At (S) | S o oo0o0 ) ol d oo o 000
- — 7

~
.S. DEPARTMENT OF Oﬁlce Of

ENERGY |science  10/27/2020 Quench locations in many ramps




Acoustics — MDPCT1b, TC2

Ramp 4

D2 RO R2IQ I+ A%
B 2000
- 5
£8000 1000 |
6000 >
4000 1
-1000 A
U T P e w
2000 4 :
-2000 4 |
: . .“ A Il I ,\\r' T
0 2.471E+08 Zaror P "W"W”’w‘“ T M(’”'? L"WW’W“ “‘,m A".' 2.475E+08
} ! | Index
0 1E+08 2E+08 3E+08 — — —— =1
Index | i
JI - o - - v o |m | v |y
| /@E_ ‘D Z + I*] aN ‘-‘ ‘J‘ /@B ,Q ‘D,Z,_‘_,l-’ l.— '57\ ‘/Q
2 20000 B 6001
2 b=
5 £ ~0.4 ms
400
10000
200 1 ~0.4 ms

i o eiratrtbesinis ettt

S IR W g e 1,71 m,..-.,l,,,;,u' VAN .
Gk ok A Db

-400
-20000

¢ IE+08 2E+408 3E+03

2.47452E408 2.47454E+08

2.47456E4+08 2.47458E+08 2.4746E+08 2.47462E408

Index
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Acoustics — MDPCT1b, TC2

B2 R82ID~r+~mm|A~RIR

™ 1 s scale quench
- ‘ | Ramp 4
400

o0 Overall: no clear “events”
associated to quenching in
o 2.662E408 2.664E+08 2.666E+08 2,668E408 2.67E+08 2.672E408 2.674E408 a” TCZ quenChes.
Index
B0 L08R Rrizvt+~B U
3 Most of the sizable “noise” is electromagnetic (likely power supply as discussed with Maxim)
5 400 - l
) |}
LGO b iH :
| ]' : l‘h \ AT,
o ) \'“"“ w7 “‘}Sj"“:{:“&;’*f—“* T L P AL IALY VP T, 7—L ,“ ‘,‘(* yo- "JJ‘X".L“; ‘\m : . av —f LJI;"‘MK.’-":-*.A-'\!’:\?Q' "T‘i'n\»'\‘-.-‘:/‘\.\'—rgt;-’rt"‘r’,’ﬂ“;‘*-r.\ﬁ'ﬁi
R g ‘\,r..‘..\' ;‘((._\_ ‘ ‘\ AR LY Vo b il VPG
Wy '
-200 “ | ! '
-400 - {
2.6712§2E+08 2.6712§3E+08 2.6?12§4E+08 ] 2.6712§5E+08 2.6712§6E+03 2.67123‘7E+08 2A6712§8E+08 2.6712%‘95\&-08
Index
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Acoustics in TC1

1E+07 2E+07 3E+07 AE+07

.S. DEPARTMENT OF

Office of
Science

ENERGY

10/27/2020

N oo [D~vlo~+ v m ] AR R R D rle v [ A YR
Nothing suspicious in the last TC1 ramp .|
ZOOM, 100 kHz ZOOM, 100 kHz

T T T T —
1E+07 ZE+07 3E+07 4E+07 SE+07
Inclex




MDPCT1b Training (TC1)

We don’t have acoustic data between ramps 57 and 76.

Ramp #58
And unfortunately ramp 13 data are also corrupted.

61
Ramp #45 63 Ramp #75
11000 1 T4 I
10000 T S R
E \
Ramp #13 ‘g o° (it is possible that
‘%3000 - _Bg,:p degradation goes on)
Ramp #6 ‘:&_08958 \ o coil 4 O coil 5
c
Q a
& 8000 |
— | Ramp #14
Ramp #2
(o]
Ramp #1 ¢/7000 . . . . . . . . . . .
0O 5 10 15 20 25 30 35 40 45 50 55 60 65
NERGY |ssene  10/27/2020
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Quench profiles in TC2

Ramp 2 (TC2) Ramp 4 (TC2) Ramp 6 (TC2)

Quench Scan Data
/vmtf/ cia.ta./ Quench/vmif_{.mdpctt b/mdpctt b.Quenci. 200821 1 45936.079 Quench Scan Data
I T /vmtf/dmtm/@uemh/vmtf f.mdpctt b/mdpcu b.Quench 2008211 70720.536

I
I ' I ' e S1=V1 VoTup5003_5l204-M 1
oa S2=Y1_VeTap5C04_SC0SM_1

Quench Scan Data
/wmtf/da.tu./ Ruench/ vmtf_ I muﬂpct!b/mdpcﬁtb Quench. 200824111101 877

o 51=V1 VoTup5CUS_£CU4-M 1
po--—-o 52=V1_YoTapSC04_5CO5M_1

—o 81 =V1 JoTapSCOSjCOMA 1

* * SSZVW_V0T0P5CU5_5006MJ [ — a §P=V1 VOTGDSCU4-_5|:05M 1
030 K= S4=Y1 _VeTapSCO06_5C07M_1 ° + 53=Y1_VeTopSC05_SC0EM_1 * + S3=V1_VeTap5C05_5CO6M_1 4 5 K
: 2 e 55=V1_V¥oTapSCO07_5007M_1 le — = S4=v1_VoTapSC06_5C07M_1 | — = S4=Y1 VoTapbCOB_5CO7M_1 .
v SH=V1_VoTap5C02_5C03M_1 a4 S5=V1_VeTopSCO7_SD07M_1 y o a 55=V1 VeTapbCO07_5007M_1
N 7 S6=V1_VeTapSC02_SC03M_1 o 7 56=V1_VeTap5C02_5C03M_1
020 —
010 —

Wl

0.00 i

-0.10

—0.20 M —0.90 I 1 | 1 | 1 1 1 | L o ey 1 1 1 | 1 | 1 )]
“—0.060 i i i —0.050 —0.040 —0.030 —0.020 —-0.010 0.000 —0.08 —0.06 —0.04 -0.02 0.00

sec soc sec

Unlike TC1, the pattern for 1.9 K and 4.5 K is the same (c6_c7 is the quenching segment at high current)
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Quench profiles in TC1

Ramp 86 (TC1)

Ramp 2 (TC1) (8886 A) (last quench in TC1)
(7924 A) Quench Scan Data Quench Scan Data

| it/ data/ Quench/omatf 1.mdpotf’s /mdpotfs. Quench.20061209051.055 0.4 VL Bate Quench i i mdp C”bl/ mdpet e, Qmmmlm?wﬂ,ﬁﬁ‘ 755

4 B2 T T | T -

! !
| ' o S1=1_VoTopB00Z 50041
oo §2=Y1 VoTapSC04_5C05M_1
oo S3=Y1_YoTap5C05_SCORM_1 i
s -+ S4=V1 VoTapSC0B_SCO7M_1 4.5 K
a4 S5=V1_VoTapSC07_S007M_1
vv SB=V1_VoTapSC02_5C03M_1

—s 51=\1 _VoTa[LECDS_E CO4M_1
g8 52=V{_VeTapSC04_SCO5M_1
Le----¢ 53=V1_VYeTapBCO05_SC0BM_1
e — = 5=V WeTapdCO8_5C07M_1
a e 55=V1_NVeTapdCO7_5007M_1
v 56=V1_VeTapdCOZ_SC03IM_1

0.7 0.z

00 eos

L A L e e L e T T L e e U e e e e R R = g s

_D_q_“ | | | | | | | “
—0.08 —0.08 —0.04 —0.0Z 0.00 —0.020 —0.015 —0.0310 =0.005 0.000

JeC JEC
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Voltage differentials

TC1, Ramp 2, 1.9K, 7924 A

differentiate filter

Voltage signal (V) Voltage differential (dV/dt) Filtered differential (dV/dt)

Quench Scan Data Quench Scan Data Quench Scan Data
040 .,/mrzmtwuemhzmef 1.mdpeti s /mdpetid. Quench.zﬂﬂmﬂ 93051.056 o - /vmf/dm/guemh/vmtf 1. mdpcttb /mdpctid. Quemh,zausrza 93051.055 0m /wztf/datm/@uench/vmtf f.mdpctty mdpctid. Quench,zaasrza 93051.055 o
T T ' T
e—a 51=V1 VloTapSCDSjCD?PA l ! ——s FR= dS1 dt; =11 \lfoTapscha_sco M_1 =—= PR= dS1/dtS1—V1 \lfoTaptscoa_scom 13F= FDB()
030 [ i i
200 H 200 |
0.20 —

0.10

1
0.000

A0 R ]
~0.050 ~0.040 ~0.030 -0.020 ~0.010 0.000
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Voltage differentials in the (same) quenching segment

TC1,Ramp 2, 1.9K, 7924 A 1 . TC2, Ramp 2, 1 9K, 7825 A TC2,Ramp 3,1.9K, 7816 A TC2 Ramp 4, 1.9 K 7833 A
iy e w e by e V|V . 065 50 v 791 T r—— 7 632 |

T T T
—  R=d51fdt§ =1 VoTaphCPE_SC0AM_1

.0 [ ] : [ 1
T | T T T T T T T T \ T T
oo A=dt Jats1 tl: 06_500 P R:dsw,fdt;sw:v1_vmp%cna_5cnm_1 [ R:dsu'at;m:v1_vOTap%cns_5cn7M 1 T

il
il 'ﬂ\‘ M \i‘hhl}

I
| 1“\!
I
“l'ﬂl H M | o

e 1C1,Ramp 86,4.5K,8886 A , ... TC2, Ramp 5, 4.5 K, 7025 A "a e TC2,Ramp6,4.5K 7035A 7,

L

N”' Mn}"' i

. - Indicates the -50 ms mark on the X-axis

0.0 OLEL MROH0 ] Im
0,050 —n,nm

i

uhll

“{ll\

00000000

Ao | i
I 7 | q i i
” ‘..' i I
l| I A
1 I ‘;
0.000

II‘

- Shows 30 V/s scale on the Y-axis

I | ‘ TC2 quench voltage differentials
“‘ ‘ \ ‘ { don’t show any extraordinary
il

| i !
I u’t*l“l'lilllmlhli behavior

00000
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n\w !
“i«hi \' M

T' i
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More acoustics

AL RN,y | AR

B el o~y -mm|A R[]

Untitled i
o
[ ]
o

Ramp 1, 1 MHz

Gl b LA
'M"”'WWHH '”' Y EMTI Y

ZOOM, 1 MHz
N ‘%L W{‘#,M,\'\.\l ,J”\A,“ J";’f"yﬁ H M 'r]d # \W

| \ WLy fa ,
#W.w"“M"”"“wf'f*‘w‘ij;'f:?;«m'*“wx!?«;""*w""l‘*»iﬁ»w\*""‘:;[Jﬁ’“’»\m“‘M"\“r\ o f h‘”“ o w“ﬂ o er“ o
MMF “WJ Mﬁ TMJ f i MW WW

TC2

£
=
o

)
=
o

-=-'
_-:-
——

-

”-i' LACLA Ll
1 r‘l

-200

-400

-600 1

2,2101E+08 2,21015E+08 2,2102E+08 2,21025E+08 2.21?:;;08 Featu res ||ke those ar not V|S|b|e anymore
M 4 » M| Sheet1 | Sheet2 | Sheet3 | those are ||k€| due ower su |
D~-R2Re RN+~ mm| A~ R[4 ( . Y p_ ppy)
Ramp 1, 100 kHz, mat file | but the main picture persists
0.08
(same event/area; timing may be wrong)
0.04
B8 &R 2 Dvlsy+~mm|A - R[]
0.0z
_\H A ik, (77 1 f

i l ] *HIJ“}#!!*I | Ill IIJIfITL1 ‘l] J| "I’L “' h“ ‘ll 'H l !‘“‘F’ lT rl "‘! l !l rlli }] . (Jg\l‘ ) ZOOM, 100 kHZ |
(i
0,04 1 ] ‘-l j: )
-0.06 \ / Wil ‘L"";\ g \ PR

I - OV
-0.08 1 e — ] / ‘
55053407 5525464017 5525564017 5525664017 5.5257E+07 A P e o
Index | | | |

H { } }l | Shee‘t" Shee‘tz Shee‘t 3 | 5.5295E+07 5.52351E+07 5.32552E+07 SRSy swsEw . ssmSRa sEERO oSSR
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Summary

1 No abnormal behavior in RRR or copper resistance in TC2 for quenching coils and segments
1 No abnormal behavior in quench patterns or voltage distributions
O No significant acoustic activity near quenches observed

O Significant non-linear resistance increase with current observed in quenching segments (TC2)
v" No particular “event” quenches the magnet

[ A huge mechanical event was observed in the beginning of TC2 (first ramp)
v It did not quench the magnet
v’ It originated in longitudinal area consistent with performance limiting quench locations
v' We speculate it may have caused the large conductor degradation observed
v" We do not have other candidate that may explain what happened in TC2 performance wise
v Traces of this mechanical event shall be looked for when the magnet is disassembled

Office of
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4; d6_d7,d7 _c7,c7_c6,d5 _d6

Ramp 1
(7530 A)
COIL 005 COIL 004
Quench
,»”vmtf,a” data/ Quench vmtf_.mdocti
0.40 I
s S1=v1 \Jrﬂapmma +D07M_1
o—a S2=Y1_VoTap4DO7_4007M_1
s e S3=Y1_VoTap4CO7_4006M_1
& — = S4=V1_VoTap4COB_4005M_1
030 = 9 S5=V1_VeTap4D05_4006M_1
7 SB=Y1_VoTap4D04_4005M_1 ]
0.20 & —
Upper layer 3
010 — —
2 op BEILE e ettast L o plab . i terteg 1T Trestysent Stasst ants r
. ’ J*-.:'+_2-'r"', |¢,¢, "’.‘J,.,é;;"‘*"é-‘*'é‘e:—{; &‘&% |¢ S
Propagation through d7_c7 (27 cm): 57 ms i
Propagation through d6_d7 (27 cm): 9+71 ms
_D_1|:|“ | | | | | | | | |
~0.10 ~0.08 —~0.06 ~0.04 ~0.02 0.00
SEC

1027, 3uench propagation V: 5 m/s and 3 m/s, respectively .



4; ¢7_c6, d4_d5 Ramp 6

(8497 A)

COIL 005 COIL 004

Yuench Scan
- Svmtf/ data Quench amif_{omdpet! b mdpe

Lower laypr 4 il il era —s 51:U1_U0Tap4DD4_LrDDEM_1
| ; ! o——a S2=W1_YoTap4CO7_4COBM_! -
oo B3N _VoTopdDOS_4D04M_!
q3p L& - ¢ S4=V1_VeTap4DOS_4DOBM_!
a4 8521 _VoTapdCOB_4COSM_!
v7 SB=V1_VoTapdDO7_4CO7M_! r

0.20

0.10

0.00 SFmEw:gEegeed

Most of the quenches don’t give

enough information to determine
the propagation velocity but -
one can compare voltage rise
patterns in the same segment(s) | 500

=010 — —

Less kncwn




COIL 005

Lower layger 4

~Known

10/27/2020

4; d4_d5, d3_d4 Ramp 58

(8978 A)
COIL 004

Quench Scan L
I' Svmtf date Quench vmtf_omdoot! b mdpot

T T
=—a 51=V1 _UoTapﬂlDDd-_LDDEMJ
m------ - 5R=V Yo Tapd D05_4D06M_1
e----¢ 531 VeTopd DO3_4004M_1
ng e - e =1 Yelapd D0z _4003M_1

erd

No significant differences in
propagation pattern toward the

_Dq_“ ] | 1 | ]

end of the training curve; e 0.090 o010
faster propagation at higher current sec
(factor of ~2).

37



Quenches

Coil 5

Three main patterns identified, points of interest on the training curve investigated

Office of
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Quenches

Ramp #s
62
Ramp #58 61
b Ramp #45 63  Ramp#75
07 7 3 11000 T * il I
85 84 83, 82:797 787 76, 11,3[2] ‘ ‘ ‘
10000 F c:om HE o OO By =R -
=z & AR
Ramp #13 = o (it is possible that
‘.——_________e-___-___— .
£ 5000 L____@:p degradation goes on)
C ° Ramp #6 — S EBB \ ocoild  Dcoil 5 ‘
e Iz
c
oll 5 b |
< 8000 n Ramp #14
Ramp #2 — amp
o
Ramp #1 ‘f_’/”/’_’;l;;

Pattern 1

(beginning of training, ramp rate
and temp. dependence quenches)

Office of
Science
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[26]es, 24, 83, 22; 792 782, 76, 11,3[2] ) Eamps
o « Pattern
5;¢6_c7,¢c5 c6,c3_c4 Ramp 2
(7924 A)
COIL 005 COIL 004
Quench Scan Da
Lim vatfz’ tir:f,trxx’ eench mtf 1. mdpcﬁb;”mdpcti‘b
- s 51—M1 UoTaéEDDS_EDD4M 1 |
era E------ a 52=V1_YeTapbCOo4_5C05M_1
- ---+ 53=V1_VoTapbC05_5C0E6M_1
e — = 54201 YoTapBLO0E_5C07M_1
a a 55=V1_VeTapbCO7_5007M_1
02 v S6=V1_VoTapbCOZ_SC03M_1
WRA B ORI S e S i e i s T

Upper layer 3

Propagation through ¢5_c6 ( 54 cm): 16 ms

.
—01.06 —0.08 =0.04 -0.02 0.00

Less kncwn 40




[a]es, 84, 83, 82; 797,782, 76, 11, 3[ 7, B

5;¢6_c7,¢c5 c6,c3_c4 Ramp 86 i

(8886 A, 4.5 K) D6

D5

COIL 005 COIL 004

Quench Scan Data “

Lam metf,f du:tr:q:,/ Ruench/ vmtf 1. mdpctﬁr,fmdpctib Quenc
' [

—a 51—1-“1 *-foTarlz-ECDE_SCDJrM 1 ,
g 52=V1_YeTapdC04_5C05M_1 o &

Lo ----¢ 53=V1 NeTapdC05_SCOGEM_1 -
e — = 54=V1 YeTapdCOG_5C07M_1
a 2 55=V1_VeTapdC07_5007M_1
v SH=V1_YeTapdCO0Z_5C03M_1

Cé

0.z

Could be
resolved
by

acoustic
measurernygn

No significant differences in

. o | | | | | | | )
~Known propagation pattern between early %}z o015 Z0.010 0,005 2,000

training at 1.9 K and RR/TD quenches; 560

Less kncwn faster propagation (factor of ~2); second quench location initiates earlier. 41




Quenches

67]62,|55, 54,53, 52, 45,42, 41, 40, 39, 38, 37, 34,31, 30, 29, 28,27, 257, 24, 23,227, 20,19, 15 14,13 | ™
62
Ramp #-8 Ramp #45 o1 63  Ramp#75

11000 T y T t

10000 + a0y o TR Y - WO
( ! o \
O I | Ramp #13 oo (itis possibl:a that

rrent (A)

‘i—-_________ﬁ________- R
£ 5000 “‘——Bgd:' degradation gpes on)
Ramp #6 '—__—‘_——'—.:-——._____ EBB o coil 4 O coil 5
g B
g o
8000 1n Ramp #14
Ramp #2 — amp
o
Ramp #1 //_,;;: A S S S S SR
P tt n ! 0 5 10 15 20 25 30 35 40 45 50 55 60 65
a e r Coil Quench #

(with the two highest currents)

Office of
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67]62,|55, 54, 53, 52, 45,42, 41, 40, 39, 38, 37, 24, 31, 30, 29, 28, 27, 257, 24, 23, 222, 20,19, 1514, 13
5; c4_c5,c5 c6,d7_d6 Ramp 13

(9021 A)

COIL 005 COIL 004

Yuench Scan Da
met 5 du:tmﬁ Quench vmtf_{.mdpct! Er,e’mtipct;f B

, o 5121 VeTapBCO3_BLO4M

era (ML [o-ma SP=1_VoTapSC04_5COSM_1 .

- o----e BI=V1_VoTapSC05_SCOBM_1

03 L& - ¢ S4=¥1_VeTapBCOS_SCOTM_!
a4 S5V _VeTap5C07_SD07M_1

v S6=V1_VoTap5007_SD0GM_1

e S7=V1_VoTapSD06_SD0SM_1

020 - 8.0 V/s |
it 15 V/s e
Upper layer 3 , 010 e
0.00 Lo o

Propagation through c4 ¢c5(30cm): 6.4+23.0ms -a.10

Quench propagation V: 10 m/s

JEC

43

Less kncwn




67]62,J55, 54, 53, 52, 45,42, 41, 40, 39, 38,37, 34, 31, 30, 29, 28, 27, 252, 24, 23, 227, 20, 19, 15 )14, 13
5; c4_c5,c5 c6,d7_d6 Ramp 14

(8940 A)
COIL 005 COIL 004

uench Scan Da
Xv'mt Sid u:ir::,ta:,f’ Ruench/ vmif_f. mdpot! Er,a’mtip ctlh.

—a 51=V1 \Ic-TapEDDE_gDDJrM 1
ta------a ER=WT _YoTapbCo4 _5005M_1 -
#----+ 53=V1_VoTapbCO5_5C0EM_1
n3n ke - 34=V1_VeTapSC06_SC07M_1
a 2 55=V1 _WeTapbCO7_5007M_1
7 56=V1_WoTapbD07 _5006M_1
G Fo 572V e TapbD0G_5005M_1

8 0 V/S i -'.'*""'-"h-
020 — T _
Upper layer 3 15 V/s L o |
pper layer 010 — g . )
Similar to ramp#:
DDD I .r.‘dd""'dﬁ .rq e AT P ] W"t-.-_,-e"bwmuWJ;'---."E'. tite _ o i i

Note that the dV/dt decreases by a

factor of two when the adjacent segment
Known becomes resistive — consistent with

guench propagating in the remaining —0.20

t di ti —0.030 “ —D —0.010 ] 0.O0O0
- . segmen irection
Less kncwn 44

=010 —




67462,155,54,53, 52, 45,42, 41, 40, 39, 38, 37,34, 31, 30, 29, 28,27, 257, 24, 23, 227, 20, 19, 15.I]-'l, 13 :I _o

COIL 005

|

Less kncwn

5; c4_c5,c5 c6,d7_d6

COIL 004

Propagation through c4 c¢5(30cm): 1.4 +6.9 ms

Quench propagation V: 36 m/s

Much higher initial expansion,

faster propagation later (factor of ~2+).

Ramp 62 03
(10007 A) D6

Cc3
c4
Quench Scan Data

0.40 B

Syl data Triench amtf_mdpet s mdpct 1 b,
| | |
—a 51=01 _\JGTG p5003_5ﬂﬂ4kl|_1 |
. a 5221 _YeTapbCO4_5C05M_1
030 e e S3=V1_VeTapSC05_SCOBM_1
e — = 5421 VeTaphCO6_5C07M_1
Bl 2 55=V1_VeTapbCO7_5007M_1
= 5621 _YoTapsD07_5006M_1

16 V/s

0.10

@

ErJErEI i '*'*}’dv

=

B T . e
0.00 smmetrprrrerrediRreremtErErm R EET T I RIS o p e o b i Sl b b ity 1 B B o i g

—0.10
_oon 255

=050 —

0.20 =+ 5721 WeTapSD0B_SD05M_1 o
- BE_EE%E'E‘EE
73 V/S EPE‘EE;&w&

c7

—0.004

JEC

45

|
0.000



Quenches

a1,80[75]74, 73,72, 71, 0, 68, 68, 66, 65, 64[63, 61]60, 597, 50, 47[46] Ramp #s

62
Ramp #58 61
g Ramp #45 63  Ramp#75
11000 ‘ 1 T ‘
10000 + Oﬂm Iy Py B 1 .....
=3 o ¥
1 Ramp #13 %’ ° (it is possible that
— ° :
O I £ 5000 -___Egd: degradation goes on)
Ramp #6 ‘—_'___‘_‘——:-—__.___ Egg o coil 4 O coil 5
g B
g o
d 8000 _t,
R #14
Ramp #2 — amp
o

0 5 0 15 20 25 30 35 40 45 50 55 60 65
Pattern 3

(with limiting quenches)
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21,80[75]74,73,72,71, 70, 63, 68, 66, 65, 64|63, 61J60, 59, 50, 47[46]

COIL 005

Known

Less kncwn

5;¢c5_¢c6,c6_c7,c3_c4

COIL 004

Upper layer 3

In this case the quench starts in

the “green” segment and it propagates in
both directions

(two-directional 62 V/s is consistent also
with the one-directional 28 V/s from the
previous slide)

0.4

0.z

0.0

Ramp 46
(9831 A)

Yuench Scan D

n Svmitf/ data/ Quench/ vmif_{.mdpct b/ mdpctd

_I:I-Q T

-0.418

I !
51=01 _UoTu:ulﬁE.DDS_E CO4m_1
52=V1 VeTaphC04_5C05M_1
5321 VeTaphCOR_SC0EM_1
54201 VeTaphCOB_SC07M_1
5521 VeTaphCOy_5007M_1
S6=V1_VeTaphCOZ_SC03M_1

*

o

<
& - 1
ot s e, AR A ol 2 R D e e B B g R R D Bep g BT R

—0.008

|

0.000



21,80[75]74,73,72,71, 70, 63, 68, 66, 65, 64|63, 61J60, 59, 50, 47[46]

COIL 005

Less kncwn

5;¢c5_¢c6,c6_c7,c3_c4

COIL 004

erd

Upper layer 3

Ramp 61
(9980 A)

uench Scan Dat.
,a’wmt F/data Quench vmtf_{.mdpot! Er,a’mdpct;f B

0.4 1] I I
e—a 51=V1 \.Jc:-TupECDE_ECD#-Nl 1
g------@  52=V1_VeTaphCO4_SC05M_1
Lo~ 53=V1_VoTapbCO5_SCOGEM_1 I
e — a BV NVeTapBCOB_SC07 M1 9&’6
4 4 55=V1 MeTapbCOy7_5007M_1 #

09 7 SE=V1_VeTaphCOZ_5C03M_1 o

_Dq_“ | | | |
—0.008 —0.006 —0.004

JEC

|
0.00z



21,80[75]74,73,72,71, 70, 63, 68, 66, 65, 64|63, 61J60, 59, 50, 47[46]

COIL 005

Less kncwn

5;¢c5_¢c6,c6_c7,c3_c4

COIL 004

Upper layer 3

-
4

/’vm /Aot Quench vmtf_{.mdpct! E}depct 3

Ramp 63 oa
(9900 A) N, ,4

Quench Scan [ >

B—a
| E=----- a
Ll 4
g = -
<1 <
T

0.4 —

0.2 —

51=1 JoTapSCDE_EDDMJ. 1
S52=V1 VeTaphC04_5C05M_1
53=V1 VeTaphCO5_5C0EM_1
S4=1 VeTaphCOG_5C07M_1
5521 VeTaph L0y _5007M_1
S6=V1 _VeTaphCOZ_5C03M_1

&”H
s
&
¢-'¢
&

Ll
@**ﬁv
e

JEC
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21,80[75]74,73,72,71, 70, 63, 68, 66, 65, 64|63, 61J60, 59, 50, 47[46]

COIL 005

Lower layger 4

Known

Less kncwn

5;¢c5_¢c6,c6_c7,c3_c4

COIL 004

erd

Upper layer 3

Faster initial quench propagation
in later ramps? Could indicate
locally damaged conductor.

Svmif/ data,s) Quemh;’vmtf_i mdpctt E}depcﬁb fuenc
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Segment boundary not so cleanly visible anymore in dV/dt.
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Those are all same scales.

From Ramp 66 on the profile changed,
a non-linear initial expansion is visible.
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It suggests much higher quench propagation than in other quenches in the
same segment (but different location, see ramp 62 which is also similai'to 67).



Time between first two segments quenching
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Coil 5 times (on the right vertical axis)
are grouped in the main two “patterns”
(denoted C5-a and C5-b) with remaining
ones under another group (C5-rest).

Time ~0 usually indicates quenches in two
non-adjacent segments (often in different layers or coils)

The time difference relates to “patterns” discussed. It is seen however that for one of the main pattern At
changes significantly (after ~ quench #30). The other main pattern (where the limiting quenches are)
shows consistent nearly constant times despite the short non-linear quench/voltage expansion discussed.
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