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examples
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BERKELEY LAB

« Understanding disturbance spectra of various quench sources

* Quench detection for subscale HTS coils and practical conductors

« Implementing active acoustic (“heartbeat”) as a standard magnet monitoring technique
« Diagnostic instrumentation for 16 T project

« Building up on active technigues for integrated detection and protection

made some important steps toward understanding training and event
identification

= We validated QD for HTS coils, and proposed a new technique

= We implemented the pulsed monitoring scheme in CCT4

= We are developing new cryogenic instrumentation for CCT5/16 T

é = We have conducted CCT4 test, and using collected high-frequency data

Office of
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Part 1.
Understanding magnet training through

acoustics

M. Marchevsky - 2" MDP Collaboration Meeting, Jacksonville FL, Feb, 2018



U.S. MAGNET
DEVELOPMENT

PROGRAM

Installed on : -
HQ series, HD3, SCU, CCT series (LBL) SCU
Mu2e solenoid, MQXF LARP series (FNAL)
11 T dipole, HTS “Feather” dipole (CERN)

Office of

AE sensors on various magnet systems
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New development: a miniature wideband
cryogenic AE sensor

Will be installed
on CCT5 and
MDP’s 15 T dipole

1000

— 273 K
= 7T K
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Acoustic DAQ hardware
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Picoscope 6404
8 bitat b Gs/s

Continuous streaming
at 1 MHz, 4 ch

Precise axial localization
and time-frequency
analysis

Office of

NI PXI-6123

Continuous streaming at

40 kHz, 32 ch

M. Marchevsky

Triggered

acquisition at 1 MHz, 16 ch
Axial and angular quench
localization

- 2" MDP Collaboration Meeting, Jacksonville FL, Feb, 2018

Picosope 4824
(12 bit at 80 Ms/s)

Continuous or
triggered acquisition
0.5-10 MHz, 8 ch
“Active” mechanical
integrity monitoring

Science



i Acoustic instrumentation in CCT4 e
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Shell
sensors

=> ([
(8x) 00 apart
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« 104 training quenches in total

18000 _ * 11 quenches in the OL, the restis IL
o : « Highest quench current: 16731 A
11.3 Mllts ]
16000 v"ﬁ N {/ﬂv‘v’ wv‘ ] « Bore dipole field: 9.14 T
' “w ]
A Y, . ‘f 2 A : « Field at the conductor: 10.32 T
< W v :
< 14000 . : + “Short sample” limit: 19.3 kA (4.5 K)
) W~ v ]
= 12000 J,:' 3  Good quench memory after thermal
© v n ] cycle: reached above 16 KA in 4
J I oL : quenches
100004 v IL(TC) ; « Highest quench current is 16590 A
A OL(TC) g (quench #9)
8000 ++——rrrrr I— I S S ,....5 A remarkable linear trend is observed for
0 20 40 60 80 100 the most part of the training, with an abrupt
Quench # change of slope at ~ 13 kA
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Magnet current

OL voltage
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e Mechanical memory of the magnet i
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I Groupl Trigger Time: 2017/08/0S 13:39:26 Number of Data: 9135270
r SamplingInterval:40.000us

Quench #1

magnet current s
RG] - UL S S
i i RCEE Y

i i i
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T Vl"{ BT B : : ;
1 i

1
acoustic ents‘

Quench 1

4l 13:39:26.00000 13:45:31.41076

ICH]. =-5.999E+00V: 10.00E+00V \/CH2 =-10.00E+00V: 10.00E+00V CH3 =-9.999E+00V: 10.00E+00V
X1 X2 Y1 Y2 dy X1
Pos 13:45:30.31178 13:45:27.28955 .CH]. 6-5537mV

Quench 2

Quench 3

o ,oo° % *dd

Acaoistic voltage (V)

i : D ° °
13:39:26.00000 13:45:00.80424 =3 x o
ICH:L =-9_999E+00V: 10.00E+00V ‘,CHZ =-10.00E+00V: 10.00E+00V CH3 =-9.999E+00V: 10.00E+00V 4 .
= % = = = | | Quench 90
Pos  13:44:59.79731  13:44:57.02825 Bo s_ssavmvE e © 00
i Samplinginterval:40.000us o o

-0.6
4000 6000 8000 10000 12000 14000 16000

Current (A)

A L FYRTU T VIR W DWIVE I O R PRRTIR e |
T | A8 Lk M o A4 B DALR B4 § LB T v 1 " i

i i ki

& 13:39:26.00000 13:45:30.56956
ICBJ. =-9.999E+00V: 10.00E+00V ' CHZ =-10.00E+00V: 10.00E+00V CH3 =-9.999E+00V: 10.00E+00V
X1 Xz ¥1 Y2 ay X1

e R N e = CCT4 magnet shows mechanical memory
[ — in the initial quenches (Kaiser effect) -
“Type I” behavior

» As training progresses, AE grows in
amplitude towards the quench, erasing
the memory effect. “Type II” behavior

-
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Ur.m.s. (V)
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Office of
Science

10000 15000
Magnet current (A)

M. Marchevsky

20000

Two distinct regimes of magnet training

17500

16000+
15000+
14000+
<
— 13000~
12000-
11000+

10000+

. Lo
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SV
.~’00 o.
> ¢ *
r
Jos
.‘ \
e
- “kink” in the training
o dependence

9000

0

10 20 30 40 50 60 70 80 90 100 110 120 130
Quench #

Similar behavior was earlier seen In a
different kind of high-field Nb;Sn dipole!

- 2" MDP Collaboration Meeting, Jacksonville FL, Feb, 2018
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DEVELOPMENT We have seen this before in HD3! ceree
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A5 A 18 - « Untrained: mostly quiet, then large spikes starting ~30-40 s and
| - l l growing in amplitude prior to the quench
16 £ - GRE> « Partially trained: small spikes seen from low currents, gradually
g R ﬁ 5 increasing in amplitude; few large spikes ~5-10 s prior to the
= - h
=14 —1 oo quenc
g « Fully trained: small spikes gradually increase in amplitude from
312 % low current, then become more sporadic and form a growing in
- amplitude envelope towards the quench
10 | | | | M. Marchevsky, et al., Cryogenics 69, 50 (2015), DOI:
O 20 40 60 &0 10.1016/j.cryogenics.2015.03.005
Quench number *
0.25
#2
0 275 550
t(s)
Al A2
NbsSn I
b!OCK #57 I8 | ‘\
dipole HD3 | it |
dtl i i
i
J‘ Mq‘n-‘!.,;‘;k.e‘(mﬂ";‘aﬁﬂﬁ M y ‘
H#HT78 | [P g uench
0 ' 100000 ' 200000

t2 (s?)
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16500 |
16000 A:A Rl 59080 5 1OKSSL18.25 kA 205 Tim | 213
15500 M 3 18000 | 203
- mi imit : 192
< 15000 Piu—too g M ok ve < 17000 e
] . . SK 4+ P —
S 14500 ® S —— a0 | o '
E 14000 oo® B =
S cso® | HQ02a | HQO2a2 £ wennn B 158 g
"Z 13500 45k ! 19K 5 e HQO2b (1.9K) 147 &
£ 13000 T 00 5
S 12500 Short training => AE memory, type | . R s
12000 " o Long training => no AE memory, type Il | * * ° ¢ >»° » %22 %%
11500
0 10 20 30 40 50 60 b. 150 |%
Quench # = @ /771
100H #3 Fl
#4 P
sor #5 [\ .F.
o B[]l
0.0 =
: T
g 50 e — 1
8
< 100 |
Quench #45 at 16098
Acauslic A in HQO2a2. -15.0 P 1
I Increasing spike o N L
A0y envelope towards the 14000 14500 15000 15500 16000 16500
quench is observed. Current (A)
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current

qcousﬁc

Cracking regime

current

| 10197 A

acoustic

" L L - o d—
— 4 | o " L

L,
L e

current

| 16266 A Slip-stick regime (?)

acoustic

Post-quench slip-stick relaxation (‘Aftershocks”)

{@)ENERGY | S M. Marchevsky - 2" MDP Collaboration Meeting, Jacksonville FL, Feb, 2018 13
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™ Temperature monitoring inside the coil
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A thermometer of ~1 mm?
size was installed directly
in the cable groove in the
magnet outer layer, prior to

impregnation Pole location

Thermometer was powered by 10 pA
bias current and monitored
simultaneously with acoustic signal
and coil voltages during ramps.

Office of

i M. Marchevsky - 2"d MDP Collaboration Meeting, Jacksonville FL, Feb, 2018
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0.05 6.5
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0.00 +————F———F———————135

0O 50 100 150 200 250 300 350

Time (s)

»
»

<
<

~36.5s
« Temperature spikes as high as 1 K are observed in the “cracking” regime. All of them are time-correlated with
the acoustic events, and few also correlate with voltage spikes on the coils
« Surprisingly, only a minor (< 20 mK) temperature rise is seen in the “slip-stick” regime prior to quenching

So what is driving a quench in the “type II” training regime???

Sice of M. Marchevsky - 2" MDP Collaboration Meeting, Jacksonville FL, Feb, 2018
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“type Il behavior starting from quench #2 |~f

BERKELEY LAB

4_
3000 A
1--'-1- =
2 -
[ £y
)
D_
ettt I
-2
— Q1 (12708 A)
— Q2 (14786 A)
— Q3 (15744 A)
—4 — Q4 (16283 A)
| — Q5 (16410 A)
EI] 5ID l[;lﬂ' 15ID EE;I'D

Office of

M. Marchevsky

In quench 1 AE starts early, but
still follows an amplitude
envelope increasing towards
the quench (unlike quench #1
in the virgin magnet)

From quench #2 the clear
“type Il behavior is observed”

Possible explanation: a large
accumulated slippage during
thermal cycle, that gets
“cleared” in quench 1

- 2" MDP Collaboration Meeting, Jacksonville FL, Feb, 2018
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ren™  Power law scaling implies critical dynamics
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-1.0- -
e = Quench #1 ||

1.5 %, --ig,_- « Quench #20 |_ 5=22
] %, 'l-- ]

2.0{ 85=1.61 "~ " -

L
—~ 1 —:° -'- (L
— -2.5- LY " g— - <
= _ . 5=1.27 _ T 2 \
Q -3.0- 53=4.23 .. _:.\ i . m .
J ® -h ] 0
-3.5 \ -- - ]
- Y — 8=2.95 = | _29'8"7'6"5'4
-4.0- . - A A
' e ] In(E )
_4-5 I 4 I 4 I 4 I ! I ! I !
-45 -40 -35 -30 -25 -20 Cumulative number of the AE events of energy
log(<U2_>) E > E,e in Coll “1” oh HD3b during ramp #72 to

quench, plotted versus E,c. The linear fit is a

Normalized number of the AE events of energy E > E, ¢ power-law dependence with exponent & = 2.2

in CCT4 magnet during ramp #1 and ramp #20 to
quench plotted versus E . (Epg= <U?,>)

Office of M. Marchevsky - 2" MDP Collaboration Meeting, Jacksonville FL, Feb, 2018
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e | Possible mechanism behind these observations |~
Cracks develop => grow and interconnect => percolate => slip-stick between grains
Type | Type Il

Stress distribution is
non-uniform at the
micro-scale. Enters a
“critical” state.

Structure is rigid

Structure is weakened

by cracks Structure IS held

together by internal

Deforms elastically and locking” and friction

plastically as a solid
body, with no internal
“slippages”

Deforms via internal slip-
stick motion
accompanied by
occasional formation of
new cracks and voids

Office of
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Cracks develop => grow and interconnect => percolate => slip-stick between grains

Type | Type Il

Structure is rigid A “well-built” _ Stress distribution is
magnet should train non-uniform at the
up to the “plateau” micro-scale. Enters a
: : “critical” state.
by this point
Structure is weakened :
by cracks Structure Is held
together by internal
Deforms elastically and “locking”™ and friction
plastically as a solid : .
body, with no internal D?fom.“s via mter_nal
“slippages” slip-stick motion
accompanied by

occasional formation of
new cracks and voids

Office of
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U.S. MAGNET
DEVELOPMENT
PROGRAM

Dynamic stress effects in technical superconductors and the ’training’’

problem of superconducting magnets

]

—

000000 900 Z < 000000000 <
< o & ‘}'g Glo b t-l.ous-los
:,980 % ° . 6, 80” <
Es °°°°o°°° ----- % *6 % .{-.“';om ‘;O
14 q e 60 .QE
gl.o . Sample B L LOf Samplea :::
oin helium W in vacuum 12 =
x iN vacuum s
201 20 é
’ e i £
10 20 30 ) g
NUMBER OF TRAINING STEPS ]

FIG, 4. Short-sample training in a transverse field of a sin-
gle-core conductor (a) without and (b) with copper matrix, The
plot gives the current at which the sample quenched and the
corresponding stress calculated with Eq. (5) versus the num-
ber of quenches,

510° counts/sec

iy

But can it be all happening within the conductor?

~
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BERKELEY LAB

G. Pasztor and C. Schmidt,
J. Appl. Phys. 49 (1978)

Strain %
B 02 03 0k 04 03 02 01
! Sample B
jh&am CYCLE Guin: 9248
P BW: 100-300 kkz s
s b Temperotore 62 —
e ]
kR .Lﬁ FIG, 7. Acoustic emission rate from a
et ——————————— NbTi (60 wt%) wire as a function of stress
L d? ‘ ] during sev'eral loading—unloadmg'cyc}es.
ym‘g — The plot gives the number of oscillations
o el I per second, The stress rate is 8.5
0 IHW{\M"‘.’M’[“ "] %108 N/m?sec upon loading and 16 x10® N/
vk fad e vaidiiee] m?sec upon unloading. The top scale
ives the corresponding strain,
BURRIYN CYA T ARERIL, L il ponding
LOADING UNLDADING

7 2 ) 3 5

B 7 @

8 6 A 2 ]

Stress 6 (10%N/m?)

890

ENERGY

J. Appl. Phys., Vol. 49, No. 2, February 1978

The acoustic activity involves two significant components: (i

A stress-irreversible component

within the whole range of the stress-strain curve

which appears in all loading cycles in Fig. 7 for stresses exceeding the previous maximum stress value. In an_experiment characterized by a

higher amplifier gain, irreversible emission was found to start immediately upon the application of stress. 14 (ii)

A stress-reversible partjstarting

at a stress of about 5 x 108 N/m?2 (corresponding to a strain of about 0.4%) which is seen for the first time in cycle 7. The stress necessary to
induce the reversible emission showed the tendency to decrease with increasing number of cycles.

.S. DEPARTMENT OF

Office of
Science

M. Marchevsky
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Possibly — if we can determine what are the distinctive features in their AE
transients

Complexity:

= [t is not clear a priori if acoustic signatures of slip-stick, cracking or un-sintering are
really that different (they all are very short-duration events (< 1 us), meaning we need

to look into high frequencies)

= Wave propagates through the magnet and crosses multiple interfaces, so the received
signal reflects properties of the medium it has traversed. Distortions due to damping,

reflections and dispersion will accumulate along the wave path

Sffice of M. Marchevsky - 279 MDP Collaboration Meeting, Jacksonville FL, Feb, 2018
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We are experimenting with wavelet transforms to develop a robust set of identifiers for the transient events

1. Collect AE data at high rates (0.5-1 MHz is standard) during the entire test campaign

Bl da - a¥a - a alala Iy a¥la aa¥la a ala R\ /LAY alla [} -
J o J w CA v L/ L/ J e CA ' CA

4. Run wavelet transforms on each event and record set of coefficients (5-7) identifying its characteristics
Program a neural network

Compare coefficients directly
Teach it using pre-recorded AE signals of

Cross-correlate between events, and cluster slippage, cracking, un-sintering, etc. obtained
them based on similarity from table-top test experiments. Then apply to
magnet data for clustering events by type

OR OR
Cross-correlate  with events of distinctly Use unsupervised learning algorithms and back-
different type that are either simulated or propagation techniques to automatically cluster
recorded in model experiments events by type

A primer on wavelet-based event identification: see Emelie Nilsson’s presentation next

Sffice of M. Marchevsky - 2@ MDP Collaboration Meeting, Jacksonville FL, Feb, 2018
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BERKELEY LAB
 Transient acoustic emission (time scale ~ 1-2 ms). -
0.2
 Wavelet analysis: ideal for analysis of transient signals. s
[Torrence et al., American Meteorological Society 1998] é '
[Gupta et al., Ultrasonics 2017] £ 0l
_;aj -0.1
. . . . 2.02
 Continuous wavelet analysis, using a wavelet base function W: <
03¢

X(q,, b) = L /m /] (t _ b) :E(t) dt '0'40 100 '260 300 400 500
ﬁ e a | Magnitude Scalogram

» Scaling factor a, shift in time b. f. 0.1
e Corresponding frequency values: fa = a - dt -
z 0
STFT o 2
2 5
128 S s
[
04rF .r—q‘ E
T L
n2f “x; 32
0.0F § 15
0.2 E 8
-oaf 4 Compare with 0 100 200 300 400 500
osp ] 2 Fourier Transform: .
. - . - . 100 200 300 400
; ; ; ; 4 e by E. Nilsson
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Ball °* 1gballdropped from 7.5 cm
drop height.

NS
B | Hsu-Nielsen Source . /{}\i‘\
(pencil lead break) /",,&ﬁ‘
Guidering
Lead “ZZa\ Pencil
005
08 ;
004} ] A
(
003} W | 08T “I‘\
) | o~
S 002 H - \"" S o4l |\‘| 1 ‘(\\
S omt ‘ |' }‘ “ M A' “ ‘\‘ N . 5 ol - \ ‘\ .“"\ ‘\' “.‘
2 L e | [ |
qE, ’ WMM"‘“M H‘\M" V \H“J aE) o \/"\/'H\ ‘\l ff‘w‘“‘ \‘ / *( /\T‘
o  -001r ' }‘ ‘ 'M Ul“,‘ ‘\Ijl IJ'\HIH I\‘N || o “\/f |‘ ‘\ \ ./ | ‘l \/ |‘ / ‘.“ ‘|
3 ‘ (- "/J 3 o2t V[V .
3 0% ‘ \“ | 2 | | N | \
< \ \
< o | | < o oY
-0.04 ‘ V| ] o I l\‘l
. .‘ ol |
\
00525 02254 02255 0.2256 0.2257 08 e o T e
t(s) | | ‘e | by E. Nilsson
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Time-frequency analysis ]

BERKELEY LAB

* Events have different frequency content:
Pencil lead break: Ball drop:

=)
o
=
[

l ' ; |
0.03 1 ﬁ b ! Irl|| l
1 || 1 | I [
S o0 1 ﬂ '\” 2 osf 1 /ﬂ\ [ f I| \ || fl .'ﬂ‘
c c || | oy mM
g oo ! 2 0 I-.‘||"1||H|‘||‘|||.'f'\[-q"./\\f'|
g I” H” | {4 u” il @ '/'/ I\“M IR VY \
v 1
Y s | “ . ‘ ‘ ‘\m | “H \/ IJJ y Jﬁﬁ\ ;f | E s o H \ || A IJ ||‘ I| \
I
2 1 | | ‘1 hf | I Ik/ 2 4t I S |
@ 0.01 1 2] | |
3 1 > I
g I 8 157 1 ‘ |
0.02 < [
1 ar 1 ||\
0.03 |
1 251 ! V
0.04 : L : : : ; !
-3 L i L - L - L
0 5 joo 150 2000 280 500 350 400 0 so0 o 10 200 250 300 380 400
I Time (1) I Time (us)
! Magnitude Scalogram :

Magnitude Scalogram

128

?z— E 64
> = ©
= > E
3 2 £

(=]
g 32 E 2
& Z 32

o

0 50 100 150 200 250 300 350 400 )
Time (ps) 0 50 100 150 200 250 300 350

Time (ss) by E. Nilsson
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« A fast and reliable way to characterize these reference events is
based on high frequency vs lower frequency content with
discrete wavelet analysis:

« d,/d;, where d, is the n'" scale of discrete wavelet decomposition.

* Order of magnitude difference between pencil lead break (events
2-12) and ball drop (event 13-30), detected on all eight sensors
(even the ones far away from the event, with weak signal)

0.8

——Sensor #9| |
——Sensor #2| |
—Sensor #8

o
[=2]
T

o
+a
T

Acoustic emission (V)
=

0.1802 0.1803 0.1804 0.1805 0.1806
Time (s)

U.S. DEPARTMENT OF Office of

~

BERKELEY LAB

Sensor #9 (Top of magnet)

0 5 10 15 20 25 30

avant

Sensor #2 (Side of magnet)

0 5 10 15 20 25 30

Sensor #8 (Botttom of magnet)

by E. Nilsson
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BERKELEY LAB

A
||||

* Epoxy cracking (Tengming Shen).
* Stick-slip between interfaces in magnet.

 On the cable level: Debonding of sintered (typically from heat treatment)
strands in cable. Acoustic sighature to be tested.

The challenge:
* Events in the magnet are more similar to each other than ball drop and pencil

lead crack.

by E. Nilsson

Sice of M. Marchevsky - 2" MDP Collaboration Meeting, Jacksonville FL, Feb, 2018
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Part 2.
Quench detection effort update

ENERGY |ance ot M. Marchevsky - 2" MDP Collaboration Meeting, Jacksonville FL, Feb, 2018
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BERKELEY LAB

Last year we reported a new technique for quench detection in HTS, and
demonstrated its working on a small (10 cm-long) impregnated stack of HTS tapes

“Acoustic thermometry for detecting quenches in superconducting coils and conductor stacks™, M.
Marchevsky and S. A. Gourlay, Appl. Phys. Lett. 110, 012601 (2017); DOI: 10.1063/1.4973466

This year:

= Validated the technique on 1.2 m long ReBCO conductor immersed in liquid
nitrogen, calibrated its sensitivity with respect to absolute temperature change

“Quench detection for HTS conductors and coils using acoustic thermometry”,
M. Marchevsky, E. Hershkovitz, X. Wang, S. A. Gourlay and S. Prestemon, EUCAS 2017, submitted

= Demonstrated practical quench detection in CORC-wound CCT coils at 77 K
(with X. Wang) and in subscale Bi-2212 coils at 4.2 K (with T. Shen and K. Zhang)

» Proposed new capacitive QD technique (E. Ravaioli and MM), validated in iIn

subscale Bi2212 coils at 77K and 4.2 K (with T. Shen and K. Zhang)

“Quench Detection Utilizing Stray Capacitances”
E. Ravaioli, M. Marchevsky, GL. Sabbi, T. Shen, and K. Zhang, EUCAS 2017, submitted
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U.S. MAGNET , A
PROGRAM Setup for the differential acoustic detection reree |

BERKELEY LAB

LN2 bath transducer

Cryo preamp. A‘ __________________ ??EW_%???F_W?E_”_E_F__'B Cryo preamp.
Sensor 1 I r;] Sensor 2 T
_Z L. W
YBCO tape (1.2 m —
Voltage tap e { ) sender Spot heater

Cernox thermometer

S1 signal spectrogram

0.4

0.2

2 0.0

D

-0.2

0.4
0 015 020 025 0.30 0 5 10 15
Excitation pulse  Time (ms) Time (us)
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U.S. MAGNET =

: A
DEVELOPMENT - - - h d t t' = It rjhl U
e | Differential acoustic quench detection: results |«

“N Permanent magnet “R”
Cryo preamp. A & B Cryo preamp.
: !| Sensor 1 PR . Sensor 2 i‘
— | - = |
| Voltage tap YBCO tape (1.2 m) Sender Spot h:—:-a/?r;r
LN2 bath transducer Cernox thermometer
P pu— ) B X
(V2 . “p 4 =
Magnet in ‘A — 80 %‘; Magnet in “B s ,,ﬂ\\ 2 @
3 179 = — I 4 E =
. g AT~1.6 K waw"’”'M ‘,‘M \\\ .
—_ . Q , PERRTLL L R T L o}
P T ,AJ:H-WMWWM%WM«WJW{WWM g' ] W_,M,J.Mw‘wmw‘WWM«W**‘WMWW“"“‘“MW%M w,,’ - L‘;M - 77 g
L L o o r —_ T T T T T ‘ T

T 10 ha ma e ko e e R g 10; ' ' At|_+/_\t
£ WWNMMWWWWW_MS1+MS1 = , N ot et
5§ 5 ! VoAt At A e e lm‘ Ml
o ,\WM‘_ oo 8 0 I i
£ 0 i b\ E 0L _ | . .
o S £ o At ~3.5NS C 18

1 : ol < ] : { 1 16 >
| - ,' 4 :E 1 rr: ,' 14 é
\ T P AUp ~ 7.6 MV (68 pViecm) & 1 5 S
, ‘ ‘ , ‘ , ‘ ld : l( —0 ‘ I ! 0
80— g 801
60" i 60
—~ 40 < 40/
§20- - 20-/
04 01
0 20 40 60 80 100 120 140 160 180 200 220 240 0 20 40 60 80
Time (s) Time (s)

U.S. DEPARTMENT OF Office of

'ENERGY | scicnce M. Marchevsky - 2"d MDP Collaboration Meeting, Jacksonville FL, Feb, 2018




U.S. MAGNET =
DEVELOPMENT

Sensitivity calibration using spot heater

BERKELEY LAB

A B e A e
7)) ]
£ 20; 4
« Spot heater was fired at 4.0, 4.6, 4.8, 5 and ~ ;
6 V; for 5-8 s, until temperature and (2 15?
acoustic signal equilibrated < 101 A
— 1 A
* No current in the tape and permanent 12, 5.
Q i
magnet removed = 05 _____ AA ]
00 05 10 15 20 25 3.0
AT, (K)

Thermal contribution to the acoustic time shift is clearly
distinguishable above the noise background for AT > 0.7 K
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U.S. MAGNET , A
PROGRAM CCT sub-scale coil using CORC conductor il

BERKELEY LAB

CORC-based HTS dipole sub-scales are built by
LBNL in the framework of US Magnet
Development Program, and in collaboration with
Advanced Conductor Technologies.

CORC?® conductor :

29 REBCO tapes distributed around a 2.56 mm diameter copper core wire.
- Tapes are 2 mm wide, and have 30 mm-thick substrate.
- Cable diameter is 3.63 mm, length is 2.25 m, including out-of-mandrel portions
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DEVELOPHENT Quench detection in the CORC coil ceree ]

BERKELEY LAB

1 sty L The acoustic time shift signal rises
| —s2(0L) ] above background noise level at
|1=537 A which corresponds to the
coil voltage of 0.3 mV and power
dissipation of 0.16 W in the cable.

Time shift (us)

1200-
< 1000+ Z We are looking to improve
G 288} g mechanical coupling between
3 a0l T T 2 transducers and the central core of
200+ > the cable to rely on its transverse
0- T T r T T T T T T T T T T T T T T T T _00 i
0 20 40 60 80 100 120 140 160 180 200 travelling wave mode.
Time (s)
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U.S. MAGNET
DEVELOPMENT

>

Quench detection in Bi-2212 HTS coil il

BERKELEY LAB

Experiment at 4.2 K. Current ramp stopped at 6100 A
(stable) and then increased by 30 A (quenching)

1X10'3 T T T T

: — - 6200
5 2
8x10™ 154 1x10°
\ & 16150
.4 -\ F
Winding design by 6x10 S -
R. Hafalia < [ 7 8x10 <
s . 16100 £
. . . o 2 4x10 A o
Bi-2212 coil RC3 Pulser embedded in the winding g =
S 6x10”] O
>
-4
2x10 " 16050
0 et 4 4x1071
- l - l - l . l - - 6000
300 320 340 360 380 400

Time (S)

Coil design and test by T Shen/ K. Zhang
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oEVelosENT Capacitive quench detection i

BERKELEY LAB

A new idea proposed by E. Ravaioli:
Utilizing change of stray capacitance between magnet structure parts to

detect a quench Temperature dependence of ¢,

Why would it work? Heating Thermal expansion -> As?

Mechanical -> As?

Cryogenic liquid boiling -> Ae.? AS? As?

Consider a flat capacitor:
C=¢g,¢€ S/s

S
€p=Cconst e G

Liquid Nitrogen

AC-> Ag? AS? As? =, i

= = Nitrogen boiling temperature
T

—
=)}

~50%

—_
n

The most likely mechanism leading to
stray capacitance change just before
qguench is the decrease of cryogen
fluid’s electrical permittivity €. when
the phase change occurs.

This happens when the fluid
sa——s impregnating the insulation boils off
(N: T>77 K, He: T>4.5 K).

—
N

—_
W
T

—
\e]
T

~5%
¥ .

—_
—

Relative permittivity, € [-]

[
T

___i______________:{;___

1
|
|
|
|
|
|
|
moond
1
|
|
|
1

S
o

10° 10! 10 10
Temperature [K]
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DEVELOPMENT First tests in liquid nitrogen ceree

BERKELEY LAB

Base capacitance C., = 2.130 nF

Capacitance change, AC  [PF]
A~

-6 | —P, o~ LIWforss |-
_Pheaterm 26 Wiforss
6 & gl Pheater% 37Wior5s |
“{: ' Pl 87 W for5s
PRC26oil : T. Chen and K. Zhag: — Pheae™ 112 WHorS s
Stray capamtance can be measured 10 0 20 40 60 80 100 120
between any metallic component Time, 7 [s]

electrically insulated from the others
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pnenie | RC2 - Quench detection while ramping current |~

BERKELEY LAB

5000 | = e _
) —— 1, =5.40kA, dI /=9 Als « The technigue was shown to work
£ 2500 ——1_=5.68kA, dI /dt=100 A/s| | very well i_n tests _of Bi-2212
= RC2 ——1 =583 kA, dI_/dt=150 A/s racetrack coils, detecting onset of
o¥— e I I E———— heating well before voltage was
-100 -10 -1 -0.1 -0.01 detected across the coil
> . - Details of the  sensitivity
= | mechanism still need to be
2 -50 AU filtered 1 _clarlfled in tes_t experiments done
oo b I iR | in a well-defined geometry and
2100 _10 1 01 0.01 thermal conditions

« Given high sensitivity of the
technique and multiple possible
sources contributing to A4C,
elimination of false positives may
need to be addressed in the future
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U.S. MAGNET . il
PROGRAM Future plans and milestones

= Collect “signature” signals from various sources: epoxy cracking, slip-stick motion, strand un-
sintering, short-sample training experiments, other magnets... Develop identification algorithms.
Collaborate with US labs and CERN on implementing this technology for magnet diagnostics

= Provide data analysis expertize for the community. Develop a database of magnet “events” :
please please contribute with your data!

= |nstrumentation:
» Complete development of next generation sensors (acoustic, inductive) for CCT5 and 16 T
project.
» We seek to implement a multi-channel (64-128) system for combined magnet monitoring
(mechanical contacts, AE, quench locations, thermal) .Open source commercial ultrasonic
systems are available for the task (~ 50 k$ investment)

= |Implement acoustic quench detection for longer CORC CCTs and larger HTS magnets

= Establish new collaborations outside of MDP to promote and expand use of our technology in
other fields and applications
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