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MDPCT1 tests

O The magnet was first tested in Summer 2019 — TC1
v" The training was stopped after we crossed a pre-defined quench current limit

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

Slow Scan Data vs. date
mdpct 15 SeribeSubject 20081(3,5,4,6,2, 7)000000.060
T T

Slow Scan Data vs. date
mdpot b, SoribeSubject 200(717,716,731,721,811,725,805)000000.000
T T T T

d MDPCT1 went through two more L e e | | 2 gy | 1
thermal cycles (TC2and TC3) | e e
v" In TC2 the magnet retrained
v' In TC3 the magnet T 1 - |
showed very limited performance
oo |- Magnet temperature ramps -
from TC2 to TC3
o sﬂl ;%‘l I QQ-@l | Q@-@l I QQ@@‘J e
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MDPCT1 instrumentation

0 Voltage taps

0 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

0 Protection heaters — for quench protection of the superconducting magnet
v In addition to heaters the magnet is protected by an energy extraction system

0 Quench antenna — for independent quench characterization

0 Acoustic sensors - for independent quench characterization

0 Temperature sensors — outside magnet or bore temperature
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“Non-standard” instrumentation and diagnostics

d We deployed two types of quench antenna sensitive to the innermost layer transients
v' There were only two quenches there, both in TC1
v" Very good data but not much use for the overall quench analysis

U Acoustic sensors
v' Attempted new (“better”) types in MDPCT1, failed to extract good data
v" Reverted to “old” style in TC2/TC3, most ramps; very good data, useful for performance analysis

1 Temperature sensors in the bore
v’ Interesting data but also not much relevant for quenches in outer layers

O Multi-channel nano-voltmeter
v" Much upgraded version of our single channel splice measurement system (different electronics)

| will concentrate on the performance of non-standard (not universal at FNAL) techniques and/or ones crucial for analysis.

We did not have resources to analyze “spike data” yet though we took data in many ramps.
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MDPCT1 voltage taps

Coil instrumentation (seen from “above”)

D7
_D1
D4
D3 : Lower la r4 Layer 4
Pl i 6 >
=
B6 Cc3 c7
C4 | = £ = C6
A7 C5 ! Lower layer 3 Layer 3
Cc1
. ca L3 inner surface (from below)
At TC1, MDPCT1 lost virtually / cs B \
all its voltage taps in layer i . Most TC2 quenches
3 and 4 where all but two ° HRR S——— "/ boffope oo (and all in TC3)
quenches occurred . S g were in coil 5C
\\\. //.»’
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Voltage tap data

 TC1 - virtually all of layer 3 and 4 VTs lost due to cuts in layer 4 traces

_ TC2 data (segments with voltage rise,
v Also lost all strain gauges there

/ Signature R-amps (including Ramp Rate, Temperature Dependence) O rd e re d )
5; c6_c7 cS_cSI c3_c4 @ 85,84, 83, 82; 797,787, 76,11,3 E
Recove red d I I b Ut one VT fO r TC2 an d TC3 teStS 5;|c57c6 c6_c7, c3_c4 81, 80[75]74, 73,72, 71, 70, 69, 68, 66, 65, 6460, 597, 50, 47
D h . I f 5; c4_c5 cs_csl d7_dé 67| 6255, 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
Other VTs were continuously fine 4; da_d, 434 [seJas,
. . . 4; c6_c4 (c6_c5), d6_d7 57,177
L We managed to identify well all quenches in 5 566,67, 06_ds 56,44,
5; c5_c6, c4_c5, c6_c7,c7_d7 51
4,5; 4c6_c4,5c5_c6,5c3 c4 49
TC2/TC3 tests S, 7 47.c6.7, 176 o :
4,5; 5¢7_d7, c6_c7, 4cb_c4(4c6_c5), 4c7_cb 36 Th IS ta b I e S h OWS m a ny
5;c6_c7,¢5_cb 35,7, . .
TC2 5;c6_c7, c5_c6, d5_dd 3 quenches had similar patterns
— 4; d4_d5, c7_c6,c6_c5 32,127
————— et 2 Remp2 TC2
5; cﬁ:c?: C3:c4, cd c5 16 (7924 A, Quench Scan Data
5; ¢3_c4, cd_c5, c5_cb 10 os vt/ data/Quench,vmif_t.mdpctth /mdpet!d Quench. 200612095051.065 _
4; ¢7_c6, c6_c4 (c6_c5) 9,4 T e— st=vivetosscosscosnt | ‘ I ‘
4; d5_d6, d6_d7, c6_c4 (c6_c5) 8 S Eomvi VeTens00s-ReceM s
565, ¢5_06,c3_c4 5 % mvaal sty
4; d6_d7,d7_c7,¢c7_c6,d5_d6 oz S6=V1_VeTapSC02_SCO3M_1

coiLoo4 quenches in different it: With additic

non-adjacent segments
(often in different layers/coils)
@ This color indicates fairly
well known location

QO This colorindicates not so

well known location |
Both colors (and only them) can Example pattern

have associated numbers which are "y 1 . ! |
o« s -0.08 =0.06 -0.04 -0.02
the numbers of similar quenches

sec

a Those colors indicate

The only
non-pole

location
Lower layerz 2
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Multi-channel nano-voltmeter (“MUX")

A Temporarily in our hands Front and back panels (20 channels)
v" Not perfectly fitted for our needs

v" Few channels we couldn’t measure
v" Some had large noise (long segments) |
v’ Partially a “black box”

(d We are developing a dedicated “MUX"

£} MV_Meter_Scan.vi - ] >
File Edit View Project Operate Tools Window Help
N
sE@
Folder File Name )
[V] Ch 1 ( 5 C6 C7 ) % C\Splice Test Data\MDPCTTBANY_MUX\cvts9 16 = SkA_Test
Samples/CH
— . H A ) o CHSEL
000015 Co nflgu ratlon panel 3.51(; m @D Log? [ Connec t | [ StanScn | B.USV Nljt c;m g:;
_ st Somples
’ 9\12 B Single Scan [ Disconnec + | [ stopscan | o
0.000151 ° 5 10 15 20 25 30 35 40 Mesrement  GH Bh
L . - . CH6
Some bias in first PR T — oowrers |10
-0.000152 FreSir Line Cycles s : - EE;G
measurements Each measurement ] = s fmee reiodimi - ample 15
-0.000153 —— e p P s
observed is~1slong L e e S ]
tatus emp
-0.000154 Ready 2012 ol
CH19
-0.000155 . COM Port % COMS =l [ Reset | [ aca | .
-0000156 Mux_Scan.vproj/My Computer| < >
T “»"" Find Drivers and Add-ons “»: Communitv and Suboc
-0.000157
° °
-0.000158 o®0egeegov g0 o ® :
000000,00050000%000,0 0 All measurements are sequential (no parallel read out)
-0.000159
-0.00016 \

Averages with limits (w w/o bias)
e T primarily Tom Cummings (engineer)
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Splice resistance measurements with MUX

Old DAQ
New DAQ (MUX)!
TC1
TC3
Cail Splice R (nOhm)
V-l curve (SIOpes are for 2 A1-A2 0.61
3 OE-06 visualization) 2 B1-B2 0.39
2se-06 | © Actocl . i
| 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
T LSE06 | ociq o "t o = 048>
(o]0} — ‘ &m 5 D1-D2 0.68
% 1.0E-06 o AAA
= 5 OE-07 P I S Splice resistances with the new system
| i %A 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) All splices < 1 nQ)

Office of

ERGY Science 3/1/2021




V-l measurements with MUX (TC3)

... ahd we see resistance in some

V-l curve , ,
segments starting to grow with
3.5E-05 >15 nO current as low as
3.06-05 | 05c6 c7 4 5c7 d7 nél 2 kA
05c5 c6 =5d6_d5 m| - :

2.5E-05 — — Differential resistances A characteristic V-l curve is
> = 4c6_c5 observed in the two segments
o 2.0E-05 Note coil 4 is also not perfect! o O>25 né2 . 8 :
&0 guenching most (would result in
@ & .
= 1.5E-05 o a very bad n-value) with the
> Segments with most O o limiting one showing faster

1.0E-05 pronounced growth shown growth.

0 (o
5.0E-06
O Q = =P Some other segments are
- e = 2 A L )
0.0E+00 = e - showing similar signs but at much
0 2 4 6 8 lower level. Most segments don’t
Magnet current (kA) show this behavior but some we
This and other tests showed that quenches happen due to gradual approach to critical surface. can’t measure.
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Segments in MUX measurements

There are three types of segment readings we see:

Non-negligible part is like that, Those are in fact “good”, it is just that
Most of the segments are like that we do not know the reason some segments are very long and thus noisy
3a8_a% 3b6 b5 3a3_a4

-0.000103 0.0019092 - 0.000004

I I T T 7 1T T 1T 7. 0000003 Noisy measurements .
-0.000104 0.0018592 | @g 5000002

. 0.0018092 :

0:000105 Good consistent measurements ."""'., ®e R il . g *t ° o

. - 0.0017592 N 0 ., . s
-0.000106 over time 0.0017092 P -0.000001 0 5 @ w @.. 20 .I 30 . 3.5 40

..... -0.000002 e ® ®
-0.000107 0.0016592 ° ° o e 4
. . 00016092 Bad measurements -0.000003 . R .
0.000108 00000090000 00000000%0%0%,0 : [] : Wlth ViSible trend over time -0.000004 . ®
0.0015592 -0.000005

-0.000109 0 10 20 30 40 -0.000006

Differential resistances (2 kA to 6.8 kA) seen, some “bad” measurements omitted:

®3b2 bl 3a8_a9 3a3_a4 3a5_a6 3a7_a8 3a9 b8 2a5_a4

R(Ohm) 4.6844E-10 2.11756E-11 5.6548E-11 3.95752E-09 8.04315E-12 -7.411E-12 -1.10342E-11
err(Ohm) 6.0078E-12 1.08428E-11 4.68E-10 7.08039E-09 6.45922E-12 7.8616E-12 1.46786E-10

@232 a1 @»33l_a2 2a8_a7 2b5_b6 2b7_b8 2a9_a8 2a7_ab

1.43998E-07 5.3581E-10 3.5946E-10 4.7827E-11 4.6585E-11 -2.225E-12 1.2455E-11 -4.149E-11
-09 2.1663E-11 6.5192E-12 3.4921E-11 5.4112E-11 8.3124E-12 1.0306E-11 2.9946E-11

® 541 2b1 5d4_d3 =542 d1 ® )bl b2 2b3_b4 4d6_d7
R(Ohm) 6.24479E-10 1.5079E-08 9.94219E-10  1.264E-10 4.58333E-11| -4.16168E-1

@ 4d1_d2 4d3 d4 @ 4d5 d6 e 4d7 c7 Red/brown —bad/not reliable
8.0191E-10  3.3381E-10 3.62641E-10 5.6793E-10 Purple — inconsistent

err(Ohm) 9.17173E-11 6.17918E-09 1.02358E-11 1.1103E-10  5.8363E-11|__5.05593E-11 8.77E-12  7.27141E-10 8.29624E-12 1.2022E-11 (only one)

@&5c6_c7 5c3_c4 @& 5¢5 c6 @ 5c7_d7 @5d6_d5 " 4cl_5cl @ 4c6_c5 4c4_c3 @ 4c2_cl @ 5cl_c2 Green - splices
R(Ohm) 2.82422E-09 -2.67411E-11 5.74708E-09  3.431E-10 6.1604E-10 4.283E-10 3.1885E-10 1.968E-10 2.2414E-10  3.535E-10 Bl | - developed
err(Ohm) 2.4848E-11 1.04173E-09 2.96407E-11 1.2418E-11 9.7945E-12 5.1613E-12 2.9243E-11 7.3568E-10 6.1179E-12 7.0493E-12 ue — clear resistance develope
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Voltage rise and behavior before quench (TC3)

MUX as a single channel Stair-step current measurements, as

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

-1.20E-04

@
1ose0a O s00 1000 1500 ¢ 2000 2500 3000 We managed to reach > 100 A higher
. - . .
T —— N oo guench current in that way.

-1.30E-04 | - ® §p|kes are due to ramping, .
S .1.35E-04 . o ‘ . ° , -
= Partial voltage “run-aways” are visible.
oo -1.40E-04 Slow Scan Data vs, date
S 1500 m ‘ mia'.pcﬂb.F'u‘tManSCTEEIe.ZUﬂ&z&?ﬂﬂﬂﬂﬂ.ﬂ[l:ﬂ n
O -1.45E-04 TSt 4sk We quenched trying to

5004 el 7.1 KA | !ncrease 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 oo |7 KA profile | the critical surface and the AC
(axis proportional to time) | R
heating is tilting the balance
. L 4 (higher quench level at lower
No particular “event” causes those quenches R Y U AR 4 ramp rate)
W W " time W W *
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Acoustics

O In TC1 we failed to extract good data from “new” style sensors
v' We can’t read anything above large noise

O In TC2/TC3 we read two sensors on both ends (plates) with 0.5-1 MHz

v"we had back up ones too — ultimately, three out of four worked all the time Acoustics was used to

identify abnormal “events”

L We find the old style more reliable
v" Screw instead of glue for surface attachment
v" Single polarity power supply
v" More sturdy (easier to handle)

Current is not to scale

MDPCT1, TC3, Ramp 1
(it ended with a trip,
not a quench)

2000

“new style”

u ”
old style " — : .
0 1E+08 2E+08 3E+08 4E+08 SE+08 lnj::oﬁ
f-prpe D-le-+-mRr[A-AR
Pico-scope 32 767 corresponds to 5 V
_— P £ oo P This abnormal event indicates huge

This level is too “— mechanical disruption
wd high to explain with —

regular behavior |
B ——r foe et
10000 LE sensor

- RE sensor

g 1E+08 2E+08 3E+08 4E+08 SE+08 6E+08
Index
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Acoustics — MDPCT1, TC3

v AP RAD~lsy+vmm|A Y Al a=Vta b=th
3 | LEsensor | % : L=a+b
. 100 RE sensor Ramp 1 "‘| 0 135 204 speed of sound v = (2500 - 5000) m/s 1304 1393 1457
o-";L'-\';r“’*x-i~J1jj~\_..\'ﬁJbJ;f".f;f“r”a?h’*’ﬁ?ﬁfﬁi\“{‘jﬁ!}:ﬂ’f -.'\\:j:ﬁf""5.”ﬁ:"f:‘:*,3-7‘5}5:.‘#&'"‘-l“-d\-""_N‘P“’sﬂ,;ﬁ*f—;'ﬁ“;“‘f;::i;{-’:?%:]i"'I'-;?‘f';w;"r‘..‘;: V | b-1= At = (b-a)/v
At = (0.06-0.08) ms fi.=b/L=0.5x[1-At(v/L)]
Likely acoustic signal
¢ Functions of At l source zone (in ramp 1)
0.45
L e 0.5 x [1 - At (2500/1_05) | 0 135 204 1304 1393 1457‘
T (limit) | —
0.4 : M = —— N - :
— T~
[ ] T—
| SR | IINNy=
oasl | 5 The fraction f, = 0.32-0.43
i | \\ (or the source is 34-45 cm —
B o'l" I t . D I Y T T . =
oaf \{”L longitudinally from the
i 0.5 x [1 - At (5000 1.05 ] \\ RE Sensor) - Y — , " L3 inner surface (from below)
L '7 S s €6
0.25 ,3 ;

b b b b v v b b L 1 %10 § <7 N
0.05 0.055 0.06 0.065 0.07 0.075 008 0.085 0.09 0.095 0.1 v /
At (S) S 0 °o0o0 ) ol d oo o 000
- — 7

~
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Machine learning with acoustics

Step size: 100
. Window size: 20 milliseconds
microseconds

- > 4 4

r-------

e e Wy

| App——

Time label associated with the window.

In each window, calculate 2 features:

standard deviation, and mean of the amplitude.

Also features are multiplied across sensors to look for “coherent” spikes.

Scaling inputs

After calculations, every inputs are scaled to between (0,1) so that they
can be treated equally in the algorithm when training the model.

T — Tmin

Lscaled =
LTmaz — LTmin

Use the same scaling factors when making predictions.
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Dynamic learning

For each 10-second section

Update model’s

Training model

state and
reconstruction
oss distribution

Base

model

Data

\prejicessing

Evaluation of
reconstruction
loss.

(could be changed)

Auto-encoder DNN (Recipe)

Compressed info

latent space)

|

RMSE =

Root mean

Networlk architecture

Encoder

ompressed representation
(Latent space)

Decoder

Greater than
threshold? trigger.

Reconstructed Output

MQXFS1d (5 sensors)

12 inputs

2

6 nodes
activation: ELU

3

3 nodes
activation: ELU

3

6 nodes
activation: ELU

3

12 outputs

Statistical <)
features O~ 7=
~ =~
_ L)
TucLayes CRY lm@.uﬁ\fw Hiiaden Layer R Fiden Laye CR* Ougu Layer CRY
Encoder Decoder

MDPCT1b (2 sensors)

square error

(RMS)

Large error?

Anomaly

6 inputs

3

4 nodes
activation: ELU

3

2 nodes
activation: ELU

3

4 nodes
activation: ELU

3

6 outputs

primarily Duc Hoang (2020 summer student)
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Anomalous event visualization

Anomalous events visualization

SD = Standard deviation

0 is quench detection time

Visualize latent space

Latent space of an anomalous event in MDPCT1b data

[ ]
74 1.5
Compressed info
(latent space) 6 1.0
RMSE ‘irw piag
O ) e 5 05 T
— ¢ +— Root mean '
Statistical \} s = SRS w
features =l T s = % Squmefﬁof 4 - 2
BMS) e Anomalous event 0.0 4
i 34 =
— J— oot o
! -05 0O
: 2 -
H e
Anomaly
0 - —-1.5

— !
1
— signal Input L :
2 Reconstructed Output
SD-1 . » I
oL AR A AR SN AR A )
5| — signalinput h
Reconstructed Output
| | L
MMW\.M RN ORI L VNSO W 7.1 W LT S
3] — signal input
Reconstructed Output
SD-1*2 A J
: WAMLWW b s ih A UL
=10 -8 -6 -4 =2 o
Time [s]
Anomalous event visualization — 2
MA = Mean Amplitude p—
—— Signal Input
aconstructad Output
MA- |
s s oD o ts AP Yy rw it sttt s
: —— Signal Input. , A
MA-2 - >
:Z ot A A A A WAJ\WJMMW\ "M‘m’ﬂ.‘“"w ~l‘l‘u‘d A
: —— Signal Inp
MA-1%2 5] meeremee J
. A A n e M e o h AmA
Reconstruction ;: AL
Loss 0 b
) - = ot ©

Time [s]

— The “loss” is proportional to th
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e RMS estimator

primarily Duc Hoang (2020 summer student)




MDPCT1

Anomalies time distribution in MDPCT b
(2 sensors)

* Nearly all the detected events fall within |5 seconds.

Anomaly events in MDPCT1b quenches (logig threshold 3.0+ 1.6)

71 [ | Reached previous max current H e
4 Training started
191 4 mee Time distribution of detected anomalies in MDPCT1b
o
T 404 + —a—— I
= 1 ¢ ¢ e IR ¢ 0
2 |
c
U 42 A r—1a
30
O T T T T T T
—25 —20 —15 —10 -5 0
434 & —mm Time [s] ‘
574 & e
%o a0 %o 5o “To ; Median is around 2.5 seconds before quench
Time (s) More in (https://ieeexplore.ieee.org/document/9354037) :

Intelliquench: an adaptive machine learning system for detection of superconducting magnet quenches
primarily Duc Hoang (2020 summer student)
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Quench antenna

| Ve ;

Quench location
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-

ne

0 ___-Hﬁ'-

r Warm
' Quench Scan Data

/’umﬂf/ date,/Quench/ymif_t. mdpct!/mdpcz! Quenck.! 90806)‘83229 654 -

| Ramp 15,

—s S1-V1 \}oTap’zAlJ?_zﬁ.OEMH
to---—a  S2=V1_VolAntC2SkSeM_1
+ S3=V1_VeTapQAZM_1

LBNL: seven axially
placed elements

0.30 j ) VT
Cl?lllc,jAL- t ts of si L - FNAL QA (not to scale) -
: two sets of six _ LBNLQA |

axially placed elements
(each set faces a coil)

0.10

0.00 Rk, g s & b
) -0.10 -"“-
For the two quenches in layer 1 (MDPCT1) I |
the QA and VT based locations are P I | I iy
—0.050 —=0.040 —=0.030 —-0.020 -0.010 0.000

consistent within few cm. see
We also know the quench propagation
velocity (~ 2 cm/ms) although, interestingly,
there is some inconsistency between VT

and QA data. Only relevant in TC1, two quenches




Temperature sensors in the

O In addition to sensors on the shell (top/bottom)
two temperature sensors
were installed in the bore (LE endshoe)
v' Opposite site in azimuthal direction
 They showed bore temperature is sensitive
to ramp rate

After the temperature rises it recovers very slowly —
in practice it doesn’t recover.

Temperature rise rate is clearly dependent
on current ramp rate. Typical current ramp rates
keep us below 2 K in the bore before quench.
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10 kA Slow Scan Data vs. date
ma'.pch‘ ScnbeSubject 180606000000.000
10000.0 I8 I ! ; I n
e—sa W CuHoIDvauNegMi A
oo | 20 A/s -
60000 (— —
s
C
S 40000 O —
- 50 A/s
>
20000 [~ —
0 kA oo ]
N N W
1 a3 5 ~
\g;?’ \5‘9’ W %-’5 %’b
& &
Slow Scan ta vs date
md.pctr ScnbeSubjecL 190505000000 000

210 T T

05

o—s W1 _TeCxMaCLM_ 1 K
pa-----a Y1 _TeCxMaCLM_Z, K
wom-e W1 _TeCuMalEM_2, K
& — = W1_TeCxMaREM_Z, K

100000 1 . ‘ : I ‘ .
e—= W1 _CuHolDvmBulegh_2, A 5 A/S o
B000.0 [— —
#0000 [— —
4000.0 |— —
2000.0 — —
- ‘ \ . | . \ ‘ o
D'D‘b iy b ) s
Pk o7 N o a7
s S '\ \’\ N
"06/07/19
Slow Scan Data vs. date
mdpcti. SoribeSubject, 190607000000.060

210 . T T T T T -

205

Slow Scan Data vs. date
mdpet I.SeribeSubject, 180607000000, 000

JRE— vuecxMacﬂMJ, K
fa----a 41 _TeCxMaCLM_2, K
_TeCxMaLEM_2, K
L= — = W1_TeCxMaREM_Z, K

————————




Current

B000.0 T I T T T T T T T —
s VLGuHoIDvauNeqLJIJ, A
6000.0
4000.0
2000.0
0.0
Zsan0.0 ke \ | Lovs 1 e u
'\u 6’\ JAs] 'lb( L] @ - 6&
b 5 & & v e
B | P 5 B e
B W N N e pt
1/ n\/ 1/ '\/ : n\/ (]
H .
H .
Slow Scan Data v date
sem mdpet1h.SeribeSubject. 200705 000000.06D
. T T T = -
—e VW_TelﬂxMaCLMj, Kl l = !
------- -2 Y1 _TeCuMaLEM_2, K
le-oooe Vi_TeCxMaREM_2, K
24 -
22 -
T
20 = -

Slow Scan Data vs. date
mdpct 1h. SoribeSubject. 200701 000060.000

High ramp rates at TC2

Slow Scan Data vs. date

mdpct 15 FetHonScribe 200701000000.000
T

8000.0 I T T - |

T
—e 1 ,CuHoIPentEiuNegLJIJ, A

This is the same ramp
but with a different DAQ
frequency

6000.0 —

200 A/s/

4000.0 —

A
v
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2000.0 —

" A" 4

This says that at ~ 6 kA (a quench occurred at ~ 7.5 kA) the bore temperature
was already 2.3 K while the shell barely saw any temperature change.

If inner coils were quenching bore temperature has effect on
relevant SSL (~ -700 A/K) and especially cooling as we can’t rely
anymore on super-fluid He.

(fair note: we don’t measure the actual temperature of the superconductor)




Summary

d Voltage tap data in TC2/TC3 are very good

d VTs and QA in TC1 provide rich information about the two quenches in layer 1
 Very useful information from “MUX” (multi-channel nano-voltmeter) in TC3
O Important hints from acoustics obtained in TC2 and TC3

O Potential for “anomalous events” hunting with acoustics and machine learning
(more hints/evidence)

L Bore temperature sensors of potential future use, good data for studies of inner layer events
v" Could extend to in-magnet-body measurements?
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Temperature and ramp rate quench current dependence
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The quench current dropped more than 20% between TC2

and TC3 suggesting significant conductor degradation

(same SSL vs temperature within one percentage point).
Also, from TC1 to TC2 the current at 4.5 K dropped by ~9%
(though the magnet was not fully trained in TC1).
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We saw a significant degradation after TC1 in TC2
and then more in TC3.

The quench levels at the two temperatures at TC3
(1.9 K and 4.5 K) were reproducible within 10 A each.

Acoustics data analysis suggests it is plausible that
this large degradation was caused by a loud
mechanical event (longitudinally consistent will all
relevant quenches) observed in the first ramp of TC3.
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Acoustics — MDPCT1, TC3

Ramp 1 (it ended with a trip, not a quench)
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Quenches in MDPCT1, TC1

Color codes (size is meaningless):

Layer4 Layer4
Coil 5 Coil 2 =—13—=Wellknown location
Layer 3 Layer 3

Reasonably well
known location

Note that there is only one

quench in coil 5C (layer 3).
& Not precise location

Open:
c3,4,5,7 (coils 4 and 5) — after cool-

down

d5 (coil 4) — after ramp 5/6

d6 (coil 5) — after ramp 5/6

d3 (coil 5) — from coil fabrication

Because of open VTs many quench
locations are not well known
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Quench locations in MDPCT1, TC2

2 3

Lower layer 4 Upper layer 4

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

Those colors indicate
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The onl
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non-pole =)
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5 Lcrwerlaverg 220 Upperlayers 2 QO This color indicates not so

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

10
No abnormal behavior in TC3 except

10% higher resistance
(which don’t quench)
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omty/tata TC3, Ramp 2, 1.9 K, 7825
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In TC3 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 TC2 quenches.

In TC2 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 Kto 5¢6_c7
in TC3 but remain the same at 4.5 K.




Quench profiles in TC2
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Acoustics — MDPCT1, TC3
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Ramp 4

Acoustics — MDPCT1, TC3
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