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Discovery of superconductivity

Mercury
superconducting
transition
A zero
resistance
state!!
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H. K. Onnes, Commun. Phys. Lab.12, 120, (1911)
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IS A first superconducting magnet

Lead wire wound coil Using sections of wire soldered together
to form a total length of 1.75 meters, a
coil consisting of some 300 windings, each
with a cross-section of 1/70 mm?, and
insulated from one another with silk, was
wound around a glass core.

Whereas in a straight tin wire the
threshold current was 8 A, in the case of
the coil, it was just 1 A. Unfortunately, the
disastrous effect of a magnetic field on
superconductivity was rapidly revealed.
Superconductivity disappeared when field
Leiden, 1912 reached 60 mT.

H. Kamerlingh Onnes, KNAWProceedings 16 ll,
(1914), 987. Comm. 139f.

Reason: Pb is a “type-l superconductor”, where magnetic destroys superconductivity at
once at B.=803 G.

Note: this magnet has reached 74% of its “operational margin” !
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Nb WIRE, UNANEALED,
.002" DIAM., ENAMELED,
4296 TURNS

Cu WIRE,#26,BARE,
183 TURNS *

for quench
protection

George Yntema, Univ. of Illinois, 1954

FIELD IN GAP (KILOGAUSS)

First type-Il superconductor magnet
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MAGNET CURRENT (AMPERES)

e The first successful type-Il superconductor magnet was wound with Nb wire

It was also noted that “cold "¢
worked” Nb wire yielded better
results than the annealed one...
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But why some superconductors work for magnets and some do not? And what it has
to do with the conductor fabrication technique?
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Basics of superconductors

Type- |: Field penetrates the superconductor at
H. destroying bulk superconductivity at once

Type-ll: Field penetrates the superconductor at
Type I superconductor H., in the form of quantized flux lines (vortices);
N Type II superconductor vortex density increases with the applied field,
and superconductivity is finally destroyed at H_,
(when normal vortex “cores” start to intersect)

3 i
sz /| | Mived state %3 Normat sate Pb 7.19 0.08
In 3.14 0.03
H, N N Sn 3.72 0.03
H Nb 9.26 0.82
NbTi 10 15
Nb,Sn 18.3 30
MgB, 39 74
YBCO 92 ~100
Bi,Sr,Cu,04,5 85 ~120
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Flux lines (vortices) in type-ll
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Flux lines and flux pinning

strong pinning

weak pinning

2
VCN CosCaa

Larkin and Ovchinnikov,1979.
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Weak pinning

Vortex lattice in NbSe, (5 mT). When interaction between vortices is stronger than
pinning interactions, long-range order exists in the lattice
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Strong pinning

When pinning disorder “wins” over inter-vortex interaction (1 mT), lattice order is
destroyed.
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Superconductor discovery e
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M.N. Wilson, “100 Years of Superconductivity , 50 Years of
Superconducting Magnets”, CERN Symposium, Dec 2011

It is a combination of high H_, AND strong pinning (high J ) that is essential for practical
superconductors used in magnet applications.
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Flux jumps and magnetization

When pinning is strong, a significant
amount of flux is trapped in
superconductor (= magnetization)

When current exceeds critical, instead of a
gradual de-pinning of vortices, an
“avalanche-like” instability occurs, called
“flux jump”

The mechanism of “flux jumping”:

~
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Critical state:
J,=-dB/dx

A small “bundle” of flux initially moves -> temperature rises->critical current
density (pinning strength) is reduced -> more flux moves -> temperature rises
further ->> a flux “avalance” forms, seen as a spike in voltage across the
conductor...

“Cure” for flux jumping: weaken the link in the feedback loop. This is primarily done
by reducing diameter of a superconductig wire. Use many fine filaments instead of a
large diameter wire. For NbTi the stable diameter is ~ 50 um.

ﬂ
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Conductor architecture e
étabilization: solid superconductor e soae 64 \

wire is replaced with an array of thin : oo‘o.g‘i

. . RS H
superconducting filaments .‘.‘.‘.0'1
embedded in copper matrix. Should .,..‘.:.:.‘
a filament lose superconductivity, ..0..:
current will be redirected into the (KA

100 ym

surrounding copper stabilizer

b
AN

Twisting filaments along the strand
length allows to reduce their stray
magnetization

J
Gansposition: superconducting strands TP I FFTITT I TT7d )
forming a cable allow for a uniform AIITTS LTS T T
current sharing, re-distribution in case of
guenching, as well as additional
@agnetization reduction

“Nb-Ti - from beginnings to perfection”, Peter J. Lee NHMFL, Florida State University and Bruce Strauss U.S. Department of Energy, in
“100 Years of Superconductivity" “, CRC Press 2011
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I  Superconducting accelerator magnets: il
design and construction steps

I/IW

magnetic design and analysis mechanical analysis

reaction epoxy assembly,
(Nb3Sn) impregnation Pre-loading, QA

» K(field pe-l;ll‘zosr-r[\ance, \ »[ b analysis]

[ Powering ]‘ field CIuaIity_ »[ Quench Iocations » Design }

quench training lmprovements
[ Quench protection] » SRl QUEE [ Disassembly / }

winding

current  memory, cutting and post-
[ Quench diagnostics ] ‘ \etc.. ) test investigations
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Uil Record high-field accelerator dipoles

/*LBNL (HD1)

®
. _~"LBNL (RD3b)
/ LBNL (D20)

/'Twente (MSUT) ’
/ *CERN (Asner) .
[ )

| / LBNL (D10)
5L

.BNL (Sampson)

U
wn
L) I I

HD1

Magnetic field [ T ]
=

75 %0 B85 90 95 00 05 10 15

Year

New approaches, new designs and new materials are explored to keep this trend...
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Whole Wire Critical Current Density (A/mm?, 4.2 K)

Superconductors for high-field
applications
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4.2 K LHC insertion
quadruole strand
(Boutboul et al. 2006)

Nb-Ti

&

Maoximal J, at 1.9 K for entire LHC NbTi
strand production (CERN-T. Boutbou!
'07). Reducing the temperature from
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)  Stored energy of a superconducting

magnet
o LI? o 2
Magnet is an inductor, hence: £ = > = 2 fB av

* The 14-m long LHC dipole has a stored energy of 7 MJ at
the design filed of 8.4 T

* Smaller scale (~1 m long) prototype accelerator dipoles
and quadrupoles at their operational current are
typically in 0.5-0.7 MJ range

This is a lot of energy!

» 0.7 MJ is energy of a car (2000 kg) moving at 60 mph

» Equivalent He gas release is 254 L / kJ => 177.8 m3 of gas!

If the gas cannon be released quickly.... ->
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What is a quench?

=~
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|

HERKELEY LAB

A formation of an unrecoverable normal zone within a superconductor

Quenching will convert energy supplied by the current source AND magnet stored

energy into heat.

@ Quench ) P = I}q,7
(resistive zone r) o L2
)

Quench protection sequence:

When quench occurs, energy release is
localized in the normal zone of the conductor!

If that zone is small in volume, Quench may
lead to unrepairable magnet damage of the
magnet windings or other electrical
infrastructure (splices, current leads, etc...).

Quench protection is an array of techniques
used to prevent such damage from occurring.

PROTECT ]

DETECT

- |

| {

EXTRAXT
- ENERGY
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i Quench in small-scale accelerator magnet

(movie)

Quench in the CCT3 dipole (~ 80 kJ
of stored energy)

Quench-related
damage in the
coil of HQO1
quadrupole
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159 Onset of a que_nch: minimum
propagating zone

It only takes a small volume fraction of a current-carrying superconductor to be
heated above its transition temperature to start a quench.

Heat in: I-llqeat out: T 20T, — To)
pJ*Al A 27T = To) e pJ?

GD case:

\ . z
c l d . Z}b(TC _To)
mpz = pJ?

| - '

For a pure NbTi wire (no stabilizer): [,,,,, ~1 um

p —resistivity in normal state
A — heat conductivity

Given that specific heat of metals at low temperatures is ~1000 times less than at room temperature,
this L,;,,, yields a very small amount of heat needed to start a quench...

For a multi-filamentary NbTi strand: [,,,,,, ~1 mm
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Minimum quench energy e

1000
\;/“W:\‘ \Vg:f i
\H - o 3
SRR RN
/ [ CURRENT RETURN acs
HEATER COPPER STRIP LL]
\ "8
S ‘ | - u
E | - m 42KCuSc16 o
= » ‘0 - 1.9KCuwSc 1.6 ! |
)
Fig 2. Schematic of the heater location on a strand in the cable. [ —&—4.2K Cu/Sc 1.3 r ! 7 |
—A-—1.9K Cu/Sc 1.3 | |
‘ ‘ , | ]
! | I | I

A.K. Ghosh et al., 1997 1 - ‘ . L
04 05 06 07 08 09 10 1.1

Reduced Current I/lc '

Fig. 3. MQE for two LHC type strands with different Cu/Sc ratio.

= 10 Wl is the kinetic energy of a staple dropped from a 3 cm height....

= .andis ~10!1 -10*2 times less than a stored energy of a typical accelerator magnet!
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What can start a quench? e

= |ntrinsic
. o . -1
- Conductor instability with 107°€
respect to flux jumps ' A kosses
- Wire
Conductor damage / broken 10-2k // s N
strands b .
Flux gﬁrtlcle
— Jumping owers
- AClosses E
, S 1073
= Mechanical =, F
3 Nﬁde?r
- Motion of the conductor e«
. N 10~*E
- Cracking and delamination of :
impregnation epoxy
| -5 ! 1 1 1
Thermal 1079076 10° 10* 107 102 0.1 1 10
- Excess heating in splices or Time|s]

current leads
Disturbance spectra of accelerator magnets

- External heat leaks (Y. lwasa, “Case Studies in Superconducting magnets”,

. . Springer 2009
- Nuclear and beam radiation pring )

Quenching is therefore considered a natural part of the magnet operation, and magnet
systems should be designed to handle it safely.

ﬂ
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Note on beam losses and quenching

— 045TeV

w104
g \ — 35TeV
B — TTeV

&7 10¢ — 045TeV
% 10 — Iy
g_ 103
S 102
107 —7 =3 =) =) 0 N| 2
1072 10 J= 10 10 10 10 10
Loss duration [s]
10°}[ —  MQED 3.5 Tev {10°

— MQED 7.0 TeV P

MQED [mJ/cm?®]
= 3
5 g
MQPD [mW/cm?®]

— MQPD 3.5 TeV
— MQPD 7.0 TeV

100 : ‘ ‘ ! : 0°
o= 1% 10*F w* 10~ ¥ 10 ok

Loss duration [s]

“Testing beam-induced quench levels of LHC superconducting magnets”,
B. Auchmann et al. Phys. Rev. ST Accel. Beams 18, 061002 (2015)

~
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Short-duration (t < 50 ps): The local
guench level is determined
predominantly by the volumetric heat
capacity of a dry cable. The guench
level in this regime is quantified by
the Minimum Quench Energy Density
(MQED).

Intermediate-duration (50 pus - 5 s):
The liquid helium in the cable
interstices and, to a lesser extent,
around the insulated conductor plays
a crucial role.

Steady-state (t > 5 s): The heat is
constantly removed with a rate that is
mainly determined by the heat
transfer to the helium bath through
the cable insulation. The quench level,
is expressed as a Minimum Quench
Power Density (MQPD).

ﬂ
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Current (kA)
e
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N

Magnet training

SO IRHRHKKEEK

SHKKKHRKK

e Example: training plots of Nb;Sn high-filed dipole series HD

0 5 10 15 20 25 30 35 40 45 50

Training quench #

~
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N

HERKELEY LAB

HD3a-b SSL 18.7 kA
HD2c-d-e SSL 18.1 kA
HD2a-b SSL 17.4 kA

& HD2a

O HD2b

T1HD2c

A HD2d

X HD2d2

X HD2e

© HD3a

O HD3a - lost
data

* Quench current gradually increases with every quench until “plateau” is reached
* “Memory” of a previous quench current (= local strain state)!

* Training is usually explained as gradua

III

compaction” of the winding under Lorentz forces,

accompanied by a series of slip-stick or cracking/delamination events (causing a quench).
* Training is costly! Eliminating magnet training is a challenging and important problem.
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I Quench propagation: 1D model
Hot spot
I
T Tc/'——\l»
T
Heat balance: 0 Ohmic heat generation
Heat capacity —, ﬂ _ ﬂ “
Car ){dzz +eU. 1),
Substituting: { =z — vt & Heat conductivity
d*T dT B _|pJ?,§<0
/’ld—gz+Cvd—€+g(€)—O, g(f)—{o E<0

General solution for the equation:
T(E) — { TC - (TC - TW) eXp(“&):f <0
To — (Tw — To) exp(=b§) ,§ > 0

. . . . _ ] :0/1 v [m/s]
Then, substituting into the heat equation: Vo = c|lT.=T 10T
c 1o

4TS (T, — T, 5T
Assuming C~T3 : v =v, |— (4C 2)
T (T —Ty) Dresner, 1994

T, = T(& =0) = 0.5(T, + Tp)

- a travelling wave solution _j.paic  with cooling

h =0 h#0

0.4 0.8 Il
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IS Quench propagation in 3D

Transverse propagation (0.01-0.1 m/s)

W\\\%\%\\\ - X\\\\\\

Hot spot Longltudmal propagation: 10-30 m/s

I s PRRP——

Resistance increase in the coil caused 3
by the expansion of the normal zone L r
AND continuing temperature increase

g
within the normal zone g 10— @t
© a
: : > a O
The total coil resistance can be found 51 —a——
by integrating p(T,B) over the normal .
volume 10 11 12 13 14 15 16 17

Current (kA)
Quench propagation velocity
measurements in HD3 high-
field dipole (1.,=18.7 kA)
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IS Quench simulations: FEA

ANSYS — thermal electrical model

NODAL SOLUTION

Tmax=24 K Time =30 ms

4

Model layerl

6.3 R N 2.3
5.3 7.3 9.3 1.3 13.3

Tmax=62 K Time =130 ms

Courtesy: S.Caspi
P. Ferracin, 2009

(movie)
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Lumped element and “circuit” models

LEDET method (Lumped Element Dynamic Electro-Thermal)

ELECTRICAL 1AL
sources  storage sinks sources storage  sinks
s ™ - >
501 e ]

25r

y [mm]

—25¢

PS

—50+

sources storage

M. Maciejewski & E. Ravaioli, 2015
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Voltage distribution in a quenching

magnet
V 4
/\ i Vps‘
Vo(t) = 1()Ry(t) — M # L d;(tt) I(ORy (D)
/\M/—\

Voltage taps

M
Vo) = I(Re(®)(1 = 7)

Vp(0) = V,y(e0) =0 => peaks during the quench

Voltage taps examples

Internal magnet voltage during quench may reach several hundreds of volts!
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CCT3 Nb,Sn dipole

Amplitude, V

Detecting and localizing quenches

=~
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Ramp

HD3 Nb,Sn dipole

Straight

|

HERKELEY LAB

section
Hard-way
bend
\ Mid-plane shim
T T Wedge
A02 A01
A0B A05 Lo, = 30 Ccm A04 AO3— =
“u ” = e e _
HalfMagNeg” “VmagMagPos” Ro7 A08 A09
200
3A4R3 A
17.5-
3A54L I
15.0-
0.3 3A65 A
w Gl
0.2- . VMagNeg ;. L
: guenching VMagPos § 100,
0.1 2 7.50
£
< 5,001
0
\ 2.50-
-0.1 0.00-#f
e e
-0.2: -55.1 -50.0 -45.0 -40.0 -35.0-30.0 -25.0-20.0-15.0-10.0 -5.0 0.0 50 120
Time (ms)
-0.3 T T . =5 -
-35.0 -25.0 T‘?'o( | 25.0 40.0 3A43:-30.4ms  Quench is ~5 cm from the Vtap A4 in the A43
ime (ms
3A54: -25.3 ms  segment
3A65: +4.5 ms

dt=(25.3+4.5)=29.8ms=>V = 10.1 m/s
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IS Quench detection scheme

> Imbalance detector

* Imbalance bridge circuit
detects resistive voltage
in any branch of the coil Splice _
winding, by comparing Over V
potential of a pre- =
selected voltage tap to |p 2 | Imb 1
that provided by a
resistive divider. ISO Amp
« Several (at least 2)
imbalance circuits are
used in order to detect —
symmetric quenches {

» Over-voltage detector

* Voltage across coil compensated for the inductive component. Often includes
resistive junctions (splices)
Quench is detected when either of the detector circuits outputs voltage above pre-set
threshold. Typical Imb. threshold is ~100 mV for research magnets. A time interval over
which voltage rises above the threshold is often called “detection time”. (t,).
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Detection threshold

Quench is detected when either of the detector circuits outputs voltage above pre-set
threshold. Typical Imb. threshold is ~100 mV for research magnets. A time interval
over which voltage rises above the threshold is often called “detection time”. (t,).

In Nb3§n magn_ets, it is o Ramp 26
challenging to pick a safe = Ramp 27
threshold because of flux = x Ramp 24
jumps: % ® Ramp 23
+R 11
= Threshold may 2 amp
ﬁ -Ramp 9
need to be adapted g Ramp 1
as current is S o Spike Trips
ramped up. =
= Low-pass filtering A
. 0 2000 4000 6000 8000 10000 12000
= “Points above "
Current (A
threshold” counter

ENAL TD-07-015 TQS02a Voltage spike analysis — C. Donnelly et al.
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I} Inductive quench antennas

a.
Coupling
“D-coil" G10 body

(2 per segment) \\

Inductive pickup coils
distribution of current in

HERKELEY LAB

detecting re-
the quenching

7'

; Solenoid coil HD3 dlpOle

HQ (cold bore)

i Lr*li*“.’

CCT2 linear arrays

MQXF (warm bo

cable allowing to localize quenches and
understand their origins.

Ql ]2V

Q2

Q3

Q4

Q5

Q6

Q7

Q8

Imb

qeaiiiiiiiiiiiiiiiiiiiiiiiiifiiiiciHiiiiiiiids
g

490.442 s 491.485s

Development and propagation of a slow
guench in HQO2b at 6 kA recorded by the
guench antenna
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Acoustic emission sensors

!"
‘:<

N 1 , WWM MM »L‘M

"W TR ot e M"" L’w‘
f“""““ O Tr——— wmp fﬂ‘“ W

\ W !\HWW‘MW

Ll \ ﬂ ﬂ'
Acoustic emission detection / triangulation
system uses arrays of piezoelectric sensors
to detect mechanical events / quench
precursors in the magnet, and also to

localize quenches using triangulation
technique.

Mechanical disturbance in CCT3 triangulated using #
acoustic emission sensors (colormap of arrival times)

At present, non-voltage quench diagnostics are primarily used as secondary tools, in
correlation with the voltage-based technique. This may change in the future with

respect to HTS-based magnets, where slow quench propagation makes voltage-based
detection difficult.
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temperature

Following Maddock and James (1968). Hot spot temperature can be estimated using
a simple adiabatic approximation:

Heat balance of unit volume of winding: —dT ]2 dt

p( )
J2©)p(T)dt = yC(T)dT > (M)IITs

heat generation windings enthalpy U(T) “Millions of I*1*Time”

For the stabilized conductor with copper volume fraction r:

—— ‘ T W T | T — T T T T 1 _I_

400+ —— CCT2 (NbTi) / / F(Tq) = Q dt

| | ——cCT3 (Nb3Sn) / / _ P (T)
0
300 .
Note that adiabatic T, is not dependent on the

< size of the normal zone!
. 200 €ufSc

/ . Usually, T,<350 K is considered “safe” for epoxy-

100 o v ~ 121 impregnated windings of e?(perimental magnet.s. In

/ _ accelerators Ty<150-200 K is usually sought. Higher

O 0 I A O temperatures may lead to epoxy breakdown leaving

c 2 4 6 8 10 12 14 16 18 conductor unsupported under Lorentz forces,
MIITs resulting in loss of magnet quench performance.

b Temperature rise and hot spot e

EEEEEEEEEEE

ﬂ
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IS Effect of RRR on hot spot temperature

Aluminium
RR=10
RR =100

< 000 |

g |

‘E E

g _

E ool RR =1000

5 100 |;

5 ;

£ - - RR=10

g S0F -~ RR=100

3 - " RR=1000
10" 2 5 10°

- Cr) ,_rxlf ;2 2 -4
FIAT) op(T)dT = [ s5har, A°m s

Fig. 1 Peak hot spot temperature Ty, as a function of F{T),) for various
coppers and aluminiums

Cable RRR> 150-200 is typically required for high-field accelerator magnets
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e
b Protection using a dump resistor

By adding external resistor to in series with the quenching magnet, part of its energy can
be “extracted” outside of the cryostat

Efficiency of energy extraction depends upon Ry(t)/R,,,,- At best ~50-60% of magnet
energy is typically extracted outside of the cryostat using this method.

dal(t
L8 = 1®Re (1) + (DR gump

s ~ -
L—]
Rdump Si diod
A R (t) I dioaes R (t)
é PS [] l Rq(t) (5 PS l ’ C_ PS )
Rdump lmag Imag Rdump llmag

Modified schemes: ramping rate is not limited

“Standard” scheme _
by the dump resistor

A drawback: high voltage appears across magnet terminals

Peak voltage:  Vinag max = Imag Raump
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I High voltage as a cause of damage in
quenching magnets

Typically voltages allowed in cryogenic He environment are < 1000 V (Paschen’s law).

Helium and Air Breakdown voltage in function of electrode distance in few
selected pressure and temperature conditions

10000
10000

275KP-1bar

#e=75K P 1 bar

=275 KP5 bar
275 K AIR 1 bar

1000 V

Brekadwown voltage [V]
A

0.001 0.01 0.1

1 10 100
Electrode distance [mm] 1 mm

*From P. Fessia’s report on LHC electrical guidelines
Arcing (gas discharge) may start uncontrolled energy release and eventually destroy the magnet.

Therefore in practice Ry, is limited to under ~100 mQ in order to keep the maximal allowable
magnet voltage Vinag max = (Imag Raump) <1000 V.
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L Quench protection timeline and objective

tytt, Quench * Detection time t, depends upon
| — detection and sensitivity and thresholds of QDS.
validation “Validation time” t,is typically defined by

mag
the hardware. Typically, for LTS
= accelerator magnets (t +t,) ~7-15 ms
8 Rgump ONlY * Characteristic extraction time t,depends

upon magnet (dynamic) inductance and

J———>"
| Energy. the sum of magnet resistance and dump
: extraction resistance:
|
0 | to t Time o ¢ — t(Rmag () +Raump)
I(t) = Io(to) e /Te= Ioe L(®)

As magnet inductance scales with magnet size, 7, can be reduced by increasing R, and
reducing L(t) (passive protection), or by increasing R, ,,(t) (active protection).
Typically, for LTS accelerator magnets t,~ 50-200 ms.

The goal of protection is to reduce t_as low as possible, thus keeping the MIITs (and so
the cable temperature T ) within acceptable limits.
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Inductive protection

2
—_ — e=(1--—)<005
L1L,
——--.l'z
) Magnet
R, Magnet coil L, - Magnet coil L M =L, se(:t:'o:c!?ry A,
| reul
. . heat
.. _t [ _t _t
L= 1o€ /1 1= 1/R | =— [(Tl—rs)e /TL-I-(TL—Tl)e /Ts]
1 l, — g
L ET1Ty
L = 2 Ty ~T1 +Ty) T~——
T, = 1/R1 Ty /RZ L 1 2 S T + T,
r+1 . /14 r+1 T# T
F(Ty) = 2(2) F(Ty) = 2 + =
(Tw) - 10\ > (Tw) r J0 2(1;+1,) 2

M. A. Green, Cryogenics 24, p. 659 (1984)

* A secondary LR circuit inductively coupled to the magnet coil will reduce the quench integral,
removing portion of the magnet energy and dissipating it in the secondary circuit

* Heat dissipated in the outer circuit can be also supplied back to the coil to quench its
superconducting fraction. This is called “quench back”; it can employed for quench protection
to reduce hot spot temperature and coil voltage during quench.
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B Example: current decay in Nb,Sn canted
cosine theta dipole

Fa:;ter than Energy is
e L ! initial “pumped” into
1.0 decay eddy currents

—CCT2at 2740 A
—— Ideal LR cirquit

0.8

< 0.6-
©
£

0.4 Long

“tale”
0.2 4
0.0 +———r——r—r—r—rr Eddy
0 50 100 150 200 250 300 350 400 450 500 currents
Time (ms) take q
long time
Al bronze mandrel to decay

Current decay (normalized) measured at 20 mC2 dump resistor.
Calculated magnet zero-frequency inductance is 2.0 mH.
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I Bulk heating of the conductor with ac
losses

* When current in the magnet is varied, ac
magnetic field induces currents in the
(resistive!) copper matrix between the
superconducting filaments.

e This currents heat up the conductor
interior, thus depositing heat in the bulk
rather than at the surface

* The “time constant” of the inter-filament
currents (determined by the stray inter-
filament inductance and matrix resistivity,

—@(l—f)z 1 s typically 10-20 ms f
tif =5 (3a) 7., s typically 10-20 ms for

LTS strands, which is ideal for quench
protection purposes.
 Other types of ac loss are inter-strand
(much larger time constant) and hysteretic
e > 1 [(dB,\’ loss (frequency-independent, but smaller
Py = (2n> peff( ) magnitude). The latter may be useful for
future HTS magnet protection.

Inter-filament “coupling loss”
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1 Energy dissipation during passive

Mandrel / Shell
heating

energy

o
» »

L,12/2 » Eddy currents »
o [ gy

protection
Hot spot T
Local conductor
Normal zone ’ .
heating
. f f He
Inter-filament Bulk conductor - bath
Magnet coupling losses heating
stored

Extracted
energy

External dump
resistor
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: Protection heaters
“Protection heaters” are thin foil strips placed (usually epoxy-impregnated) on top of the
winding. Heaters are normally operated by discharging a switch (thyristor, IGBT)-

controlled capacitor bank (often called “HFU” — heater firing unit). They are fired as soon
as quench is detected to spread normal zone across the magnet (thus increasing R

= N

Quench PHs fired Normal zone spreads

epoxy
|ati i nation

mag)'

Power / surface:

Ve (t
P, = —PH(Z) (W/cmz)
Fss Loy PH strip on top of
(50-150 W/cm? typical) the HQ-series coil

Polyimide Superconducting cable ~ /Stainless heater

N

Uniform stainless strip covering the largest possible area of the coil winding is the simplest

protection heater. It is usually fabricated on top of the 25-75 micron-thick polyimide (Kapton) layer.

» Uniform heaters strips are not suitable for long magnets, as the voltage V,, required to keep the
same P, grows prohibitively large (~ L)
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|
' Protection heaters with “heating stations

E Quench propagation

Manual

£=0.90 RT=21.3%¢

Heating stations

Selective
copper
plating

“Heating stations” are zones of higher resistance fabricated by means of narrowing a current path or
by selective cooper-plating. Such heaters can be scaled up in length, and rely on forming periodic
normal zones that subsequently expand as quench propagate. Relying on quench propagation,
however, slows down growth of R, .. compared to uniform strip heaters of same P,,.
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Protection heater delays S

~

reeererener

It takes time (typically a few milliseconds) for the heat generated bya | Pus

protection heater to diffuse into the cable through the polyimide
layer and cable insulation, and heat the cable strands above T_(B).
Heater delay is thus a function of heater power (limited by the max
allowable temperature), net insulation thickness, and magnet current

(which controls the T_(B)) .

Quench
Fire PH onset
PH peak power = 50-55 W/cm?, T = 40-45 ms =90 ms T. Salmi, WAMSDO Workshop, CERN
0 r O HQO2a (1.9 K) 60 : di 1 + HQO2a2, OL, 14.6kA
: O HQO2a (2.2 K) 55 | Ive rgent * A HQO02a2, OL, 12 kA
60 | ® HQO2 (45K) F oL
\. oo . oy
s | o Sim., HQO2 (1.9 K) 45 Qozat, OL, 14.
— i 75 um polyl mide sim., HQO2 (4.5 K) —Simulation 12 kA (OL)
3 : @ o HQOLe (LIK) 'g 40 m Simulation 12 kA, tau = 90 ms
z 40 | o * HQOLe (44K) < 35 —Simulation 14.6 kA (OL)
s N, -=-=-sim., HQOle (1.9 K) 5 o HQO2a2, IL, 14.6 KA
T 3 | R N = Sim., HQO1e (4.5 K) a 30 - .
o [ A \::\ A HQOle, C8 (45K) I r
: SSine o 25 ¢
20 ¢ RS 20 |
10 | HQO1, T R 15 * .
25 um polyimide s A 10 IL . .
0 L L L L L " L L . L i . . L * L L . . 5 C
40 " 60 st 80 100 0 20 40 60 80
agnet current / SSL [%] Power (W/cm2)
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IS Redundancy and optimization of PHs

m Yﬂ 21

BS

g

YT122 YT21

Eﬁ@

W§§®

~

reccoec)| i

High-field

heaters — T4 %
YT11i

Low-field j

heaters =

o

YT122 YT21\
o % YT121 YT2 ﬁ

Aperture 2

YT222
YT221

* Individual powering for redundancy, and power optimization for heater strips

covering low and high-field zones.
* Optimization of a heater strip layout is required so that the heaters are effective at

every current level of the magnet (low to high). A combination of various patterns

can also be used

» Short “heating stations” are less effective
» Heated length equal to cable transposition length is desirable for low-current

Heater simulation and optimization software packages:
SPQR: DOI: 10.1016/s0011-2275(01)00008-x

QUABER: DOI: 10.1109/20.119887

CoHDA (Tampere University of Technology): DOI: 10.1109/TASC.2014.2311402
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IS Some drawbacks of PHs

PHs while widely used have some drawbacks:

= Delamination (bubbles form), especially
when heater is placed on unsupported (IL)
surface of the coil

= Electrical breakdowns

= Poor performance at low magnet currents

Non detected failure of a QH. As seen after dismounting during inspection of the

OH.

Thermal imaging of delaminated PH strips —

Protection heaters rely upon on thermal diffusion across insulation, and may be
intrinsically too slow for protecting some types magnets...
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Using dB/dt for quench protection

In fact, we always get some dB/dt when during energy extraction (whether due to
R4umps Magnet resistance or both).

If this field variation turns out to be sufficient for heating the conductor above T_,
qguench will spread in the magnet windings (thus accelerating current decay and
increasing dB/dt even further...).

This phenomenon is often observed in high-field accelerator magnets and in fact
same “quench back” as we discussed earlier (except that we are dealing with inter-
filament coupling currents rather than a secondary coil).

However, one can initiate ac loss in the magnet (and drive it into a quenched state)
during energy extraction in a much more efficient way. It is done using a novel*

technique called CLIQ.

*First ideas on inducing ac current in the magnet for quench protection were presented in:
“QUENCH PROTECTION FOR A 2-MJ MAGNET”, J.A. Taylor et. al., Applied Superconductivity,
Pittsburg, PA, September 25-28, 1978 http://escholarship.org/uc/item/41f3s8sz

~

ﬂ

M. Marchevsky — USPAS 2017


http://escholarship.org/uc/item/41f3s8sz

~

reeererener

mQ
IS CLIQ (Coupling Losses Induced Quench)

e CLIQ operates by discharging a

CLIQ - Coupling-Loss Induced Quench system Ep1§:;ir:23.9 capacitor bank directly into
Current change the windings upon detecting a
R quench.

Magnetic field * An LCR circuit formed in that
change way oscillates at its resonant
. ..onill frequency (typically 20-50 Hz),
Transitory losses inducing inter-filament losses
\(Heat)/ ac in a winding that are
sufficient to quench its

Temperature rise volume at once.
| . Connecting capacitor bank to
QUENCH | the central portion of the
‘ : winding reduces effective
E. Ravaioli et al., Supercond. Sci. Technol. 27, No. 4, 044023, (2014). inductance, making CLIQ more

effective and adaptable to
various magnet configurations
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b CLIQ unit schematics

from quench detection
3

3 b.

O Ot 10 €Ol ?

Ol []s- ikl
i

¢ c.
EGD—» to power outlet i s 12

-

na CLIQ unit including a bank of six
""" electrolytic capacitors with a total
capacitance of 28.2 mF rated for a
charging voltage of 500 V.

.
b |

E. Ravaioli, PhD Thesis, 2015
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CLIQ performance scaling

p U2 At high current
il ¢ S N At 1) e Low energy needed to start the quench

vol e High energy density, needs to be quick!

bn

/CLIQ effectiveness Y is a function of: )
* Coil geometry

* Position of CLIQ connections
* Conductor parameters

POWER is the key parameter

* Etc...
N J
, At low current
Ecrig _ CUj e High energy needed to start the quench
vol L e Low energy density, velocity not critical

ENERGY is the key parameter

By choosing a proper combination of CLIQ system parameters (C, U), protection for both
low and high filed regime can be realized.

M. Marchevsky — USPAS 2017



-~

[T . L ez
IS CLIQ effectiveness optimization

g "

15— e T S e L

y [mm]
y [mm]

[ 0.8 o 16

. 0.7 14

‘ i i
su: 0.6 ‘.E 25t 12 :E
25+ % I
2 05 2~ 1 2

! 2 E 2

0;’ 04 £ E 0 s '-8"
25t % B &

0.3
i g P 06 g
25k ) : 02 04 °
160, ’ 0.1 50 02
0500 75 0 25 0 25 50 75 100 125 © 50 25 [ 25 50 2
X [mm] X [mm)] x [mm]
Quadrupole Dipole Block coil

By sub-dividing coil electrically, and introducing opposite current changes in
physically-adjacent sections, CLIQ effectiveness can be further improved

Con: requires additional “CLIQ leads”. E. Ravaioli, PhD Thesis, 2015
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L Hybrid protection (PHs + CLIQ)

16 I :
= A\ NI Example of CLIQ and heater studies on
. | OL Quench Heaters HQO2 high-filed Nb;Sn quadrupole. Clearly,
= using CLIQ the current decay s
=, substantially shortened, yielding as much
g as 100 K difference in the hotspot
5 temperature.
0 L 1 L ek |
0 0.05 0.1 0.15 0.2 0.25 0.3
Time after trigger, t [s]
14 | : 450 .
-4 QI :
12 & 400 —#CLIQ +2 QI — i
> -#-CLIQ +4 QH
2350 —&-CLIQ40mF+2 QH| - o . o
10 = i
Z s 5
..§ 2250
S ° :ézoo . CLIQ test on
ol | § 1ol a full-scale
= i
2 2 TOO b i e LHC d|p0|e
00 01 02 03 0i4 05 06 07 ois 0.9 ) 3 6 8 10 12 14 ST
Time after trigger.  [s] Initial current, 7, [kA] E. Ravaioli
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Protection of a chain of magnets

M
= \

PS
1\

* Strings of silicon diodes are added in parallel to each magnet.
Diodes start to conduct at ~2-5 V of bias at liquid helium
temperature, and therefore are not carrying any current
during ramping or normal magnet operation.

* As gquench occurs, voltage across the magnet rises above, its
diodes become conductive and so the chain current is
bypassed through them

* This decouples the magnet energy and rundown time from the

. . . .. . A Powerex R7THC1216xx
string energy and run-down time, reducing heat dissipation Diode rated at 1600 A
 Same scheme can be used for protection of multi-coil magnets
(quadrupoles, sextupoles). A complete accelerator can be also
split in several chains, depending on its size.

M. Marchevsky — USPAS 2017




~

A
0

L
IS Chain of magnets with active protection
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D D D D
Ly 2 py Ly Ny,
7YY Y Y Y L
M, M, Mg My
1 a
T EE
gE=

1 L

Electrical scheme of a chain of NM superconducting magnets (M1-MN) protected by active quench
heaters (QH), by-pass diodes (D1-DN), and an energy-extraction system(EE). In this example, only the
active protection system of magnet MQ is activated.

Papt [ pPC pr PN
Dy Dpo DpN
YTV Y
Ml . MN
i CLIQ

T EE
mT—h
- L. |

Schematic of a chain of NM superconducting magnets (M1-MN) protected by CLIQ, by-pass diodes
in parallel (Dp;1-Dp;N) and antiparallel (Dap;1-Dap;N), and an energy-extraction system (EE). Only
the CLIQ system connected to magnet MQ is shown. E. Ravaioli, PhD Thesis, 2015
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FPGA-based quench detection system
(LBL)

2 us response time (with
internal 40MHz clock)

Programmable signal
recognition capability

Flux jump identification
and counting

Data 1 MSPS four channels
data logging

Programmable digital
delay line for extraction

Programmable heater
firing sequencer

Inductive voltage
automatic compensation
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4xN5946FC220 SCRs Dump Resistor

-/ ¢ |

6000A @ 55C = Adjustable: 20,24,30,40,60, or Capacitor Bank

each 120 mQ gﬁrp /
Max voltage \m

1800V " / = Extraction upgrade
Min extraction 7'y sare ow L«/ with IGBTs is

. ¢ b scner planned in 2017
time 1 ms S G scr  sooviromn
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