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Goal of the course

- Overview of superconducting magnets for particle
accelerators (dipoles and quadrupoles)

- Conductor
- Magnetic design
- Mechanical design }

} Stefania Farinon

Susana lzquierdo

« Quench protection Bermudez

Superconducting Superconducting Superconducting
strand cable coil

Superconducting
magnet

EASITrain




Quench definition and protection strategies
(self dump vs external dump)

Heat balance equation, hot spot temperature
and time margin
Quench propagation

Protection systems in accelerator
dipoles/quadrupoles: quench heaters and
CLIQ
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Quench Definition

Quench = irreversible transition to normal state

Heat generation > cooling

Why do magnets quench?

Thermal energy released by

 Mechanical events  Thermal events
* Frictional motion « Degraded cooling
« Epoxy cracking * Nuclear events

« Electromagnetic events » Particle showers

* Flux-jumps ,AC loss

What do we do when a magnet quenches?

Conversion magnetic energy —> thermal energy (redistribute the energy in
. B’ 1
E,=)=—dv==LI* —>
Vv 2/770
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Why Is it a problem ?

- Quench is the result of the resistive transition, leading to
appearance of voltage, temperature increase, thermal and electro-
magnetic forces, and cryogen expulsion

- If the process does not happen uniformly: as little as 1 % of the
magnet mass may absorb the total energy — large damage
potential !

Result of the chain of events  Result of degradation due to local Result of electrical sho_rt_circuit
triggered by a quench in an heating in a NbTi coil quench heater to coil in a
FASITrain LHC bus-bar Nb3Sn coll 6




The quench event: summary

Quench starts
Thermal energy
released by a precursor

Heaters effective
Distributed quench in the coll

Current

Quench front Validation Heater del
propagates delay eater delay

\ \ | Current decay due to the
f 1 resistance growth in the coil

T 1

Quench detected Quench validated
(power supply off,
protection system fired)

Typical time scale:

« From quench start to quench
detected ~ 5 ms

» Validation delay ~ 10 ms

» Heater delay ~ 20 ms

» Current decay ~ 100-200 ms

Temperature rise in

Maximum acceptable temperature: 350K EaEyeeariee
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Protection strategies

Two limiting cases in terms of magnet protection strategy:

1. External-dump: The magnet is dumped externally on a large resistance
(Raump >> Rquench) @S soon as the quench is detected (e.g. ITER)

2. Self-dump: The circuit is on a short circuit and is dumped on its internal
resistance (Ry,mp = 0) (€.9. LHC). Actually, external dump is not an option
for a chain of accelerator magnets.

Typical J., = 1000...1250 (A/mm?)

Meaning dT/dt = 1000...2000 (K/s)

We need to dump quickly! 1(300 K) = 0.15...0.3 (s)
lop = 15 (KA)
E/l = 1000 (kd/m)

YNZE/I

~ =500..1000V
1l /m
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Protection strategy — External dump

The magnetic energy is extracted from the magnet and
dissipated in an external resistor:

o IR 0
1(t)=1 expg— R(t)—»] expe-—=+
e Ly
-— normal operation
Sy
C @
L L
Rdump
R=0 unenck
i T T 9




Protection strategy — Self dump

In the case of the LHC, the magnetic energy is completely dissipated in
the internal resistance, which depends on the temperature and volume of

the normal zone

(when increasing the temperature the material becomes resistive—>
resistance increase-> current decrease (fix voltage))

-— normal operation -—— guench
S,
C @
L L
/\ D ' |
' R=0 unencr
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Protecting a magnet string

Magnet strings (e.g. accelerator magnets, fusion
magnetic systems) have exceedingly large stored
energy (10’ s of GJ):

- energy dump takes very long time (10...100 s)

- the magnet string is subdivided and each magnet
IS by-passed by a diode (or thyristor)

- the diode acts as a shunt during the discharge

@

M, M, M, My

T T (1) mm— T
D sl S B P sl SO s D o =
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Quench definition and protection strategies
(self dump vs external dump)

Heat balance equation, hot spot temperature
and time margin
Quench propagation

Protection systems in accelerator
dipoles/quadrupoles: quench heaters and
CLIQ
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Adiabatic heat balance

The simplest (and conservative) approximation for the evolution of the
maximum temperature during a quench is to assume adiabatic behavior
at the location of the hot-spot:

Average heat capacity: C(T) = Y; fip; ¢;

— — 0T,
cond I cond
AC— = =Aljoure = C —. =ncu® | Electrical resistivity of the stabilizer (Cu):
Ncuw(B, RRR, T)

* The circuit is a RL circuit
« with the magnet inductance L
« and a highly variable resistance R(t), growing with time
* the higher the resistance, the faster the current dump, the lower
hotspot

a1l
L—+ R/=0
ot
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Hot spot temperature

- Adiabatic conditions at the hot spot:

—aTcond
C — 2
ot =Tc
- Can be integrated
Tmax ( o
J —dT|= j J?dt
Top lCu 0

Ability of the cable of « taking » the
current (combination of enthalpy and
resistivity): Quench capital (I')
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Load due to the current decay, that should be
made as fast as possible and is an
observable: Quench tax
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Protection limit

- ldeal case: all magnet is quenched at the quench start

Assuming adiabatic conditions

1200
T 1000 :
E :f C(T)dT _ Ultimate
Vg, E 800 protection limit?
=
. 600 |
E = HD2, 11T,
= Magnet stored energy per £ ,,,. FRESCA2 RMM
v unit volume. i LHC-MB
200 - HERA\
—_ . . \‘
(T = Z .. Volumetric heat capacity | | |
(T) _ fipici of the cable % 100 200 300 400
: Temperature [K]
Ian(:j iﬁ;ﬁgﬁgn.swerconducmr Enthalpy of the strand volume (neglecting the insulation)
- Reality: we need time to detect, validate and quench the
magnet.
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Detection and quench Initiation

- The time needed to detect, validate and quench the coil is very expensive in
terms of temperature rise. And here is where current density become critical!

- This is what we typically call ‘time margin’ (= 40 ms in HL-LHC Nb,;Sn
magnets, = 100 ms in LHC MB dipoles)

2 —
dTpot I [T B) = c(T)
= , =
dt (ACu + ASC + Ains) ’ ACu ) F(T' B) nCu(Tf B)
400 1 6000
T, Initial phase of the quench(constant current).
T o 5000 | Typically 5 ms to detect, 10 ms to validate,
300 | bulk and 20 ms to initiate the quench.
~ = 4000 (<~
2 =)
=] =
s 200 < 3000
L 1)
o =
g 5 2000
~ 1ot
) 1000 r
All coil quenched after 35 ms
0 <«— from quench start | | 0 | | . ‘
0 0.05 0.1 0.15 0.2 0.25 0.3 0 0.05 0.1 0.15 0.2 0.25 0.3
Time [s] Time [s]
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‘Basic’ ingredients for protection

Thus, the two key parameters for the protection of a magnet are:
Current density in the copper (heating rate)
Energy density in the coil (needs to be dissipated in the coll

enthalpy)
Compact high field magnets require both!

I, (B=8 T)/C)dT
|- = = J(n, (B=12 T)/C)dT
—— J(n,,, (B=16 T)/C)dT

—_
W
e}

[K] before magnet dump
=40 ms
2

TEVATRON
LHCMB - IL

Coil Temperature [K]
(9,
()

T ..
det-+init

hot
for

AT

CuJOVerall
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Coil enthalpy ‘

FRESCA 2

~a <— FCCI6T

T HD2, 11 T, RMM & MQXF
<—

LHC MB
X TEVATRON & HERA
0 50 100 150 200 250 300

Energy density at nominal operation [MJ/m3]
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Quench definition and protection strategies
(self dump vs external dump)

Heat balance equation, hot spot temperature
and time margin
Quench propagation

Protection systems in accelerator
dipoles/quadrupoles: quench heaters and
CLIQ
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Quench propagation - longitudinal

Voltage growth (V(t)):

th 100 r T o §
_ S k=
V@O =2op | 7T D) s | €| ;
0 80F| © 11T z %o° s
o MQXF oo S

=]
a
~

Quench propagation in the initial phase

Jop k

Vo =— = ’8]
© C (Tjoule _ Top) P

AV/At [V/s]

Typical velocity in the HL-LHC Nb,Sn

magnets is 10-20 m/s
J | 12, [(Aa/m®)] x10'8

The resistivity of the stabilizer is approximately constant for T < 20 K (;,,) = constant
voltage rise with time.

UQt
V(t) =2]opf Niow dx = znlowﬁ]ozpt
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Quench propagation - longitudinal

- The detection threshold are glg - = MQXFS3

defined through two parameters: % ; £ .ﬁgiﬁg‘s‘

. Avoltage level (above the s =l » MQXFS6

noise level) — typically 100 mV | 2 s . —THEA
- 3-5 ms at nominal g 4
. Avalidation time (to reject S ;
spurious spikes in voltages) — E 1
typically 10 ms 0
15000 16000 17000 18000 19000
Magnet current (A)

- Voltages staying above voltage level for a time longer than validation
time are interpreted as a magnet quench, and activate the protection
system

- Therefore on the time needed to detect the voltage, one has to add the
validation time ~ 15 ms
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Quench propagation — transversal

Order of magnitude of propagation time from turn to turn in
the high field area of HL-LHC Nb;Sn magnets is ~10 ms

« It depends on the temperature margin and insulation scheme
between layers.

Turn to turn propagation in MQXF at 15 kA, high field region. /
— 0.7
2 | [—P3p2-p4ri
gn P3_3113-3126 J
& 0.6 7|—P3_3126-3127 /
E 1|—p3 31273118 ’
/

40 60 80 100 120 -0.04 : —O.IOS : —0.I02 : —O.IOI : (I) : 0.01
Time after DAQ trigger [s]

(courtesy of SM18 team at CERN)
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Quench propagation — transversal

- Order of magnitude of propagation time from inner layer
to outer layer in HL-LHC Nb,;Sn magnets is ~ 20 ms
« Itdepends on the temperature margin and insulation scheme
between layers.

Layer to layer propagation in the 11 T dipole at nominal current

0.05
—Cl16,1IL
0.04 - —(Cl116, OL
) ——Cl116,0L+IL
g ——Cl117,1L
= 003 —cn7,0L
é C117,0L+1L
S 002}
175]
'z
[0}
& 0.01 [
5
o :
- 0 = IL: inner layer
| 1 20 ms OL: outer layer
97 107 117 127 137 147 157 167 -0010 062 064 066 068 0‘1
Time [s]
(courtesy of SM18 team at CERN)
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Quench definition and protection strategies
(self dump vs external dump)

Heat balance equation, hot spot temperature
and time margin
Quench propagation

Protection systems in accelerator
dipoles/quadrupoles: Quench Heaters and
CLIQ
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Quench heaters

- Principle: temperature rise in the conductor through the heating of
metal strips attached to the coill.

- They are typically installed in the outer surface of the coll
11 T Heater Lay-Out (only outer layer heaters)

Outer layer heater design

B e —— -
- e

mm 0288

50 mm = sen

I E—— 8.055
743

6.824

6.208

. 5.593

;3 mm Copper Stainless as77

4.361

— Steel 2746

30

g HINEERN
BB

= R
mEEEEEs

MOXF Heater Lay-Out (heater in the inner and outer layers)

Outer layer heater design B (T) o
160 mm
[P ra —
- 9.639
- s aaea | —
Stainless |

G =
6.663
Pomm sars
Inner layer heater design
| 4.283
150 mm 3,588
-
- 1.902
- 1.307
- 0.712
0.117

0mm ROXIE«w. 40 60 80 100 120
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Quench heaters

The quench heater strip is made by stainless steel, usually 25 um thick,

bonded to layer of polyimide (75 um thick in the LHC dipoles, 50 um thick

In the HL-LHC magnets)

. Copper plating of the stainless steel needed to reduce the strip resistance and limit the
guench heater to coil voltage.

One has to guarantee two conflicting conditions:

. A good electrical insulation between heater and coill

A good thermal conductivity between heater and coil
Quench heater delay in the 11 T dipole

- In Nb3Sn magnets, quench heaters are 500 - o
sometimes impregnated with the coil > _ 0.1 mm glass
polyimide in direct contact with the £40/ _ ©  heater to col ’ ggﬁ 107
conductor insulation. ‘2 \ . o * Sgﬁ;i;
. If heaters are installed after impregnation, 53~ % 5 0 Coil 114
additional layer of S2 glass (typically 0.1 8 A g " "9, ﬁ Sﬁi} ™
mm thick) between heater and conductor €| & g, " S e
increases the heater delay by = 10 ms § o ° g‘\g\\ A Coil 106
O.Q mm glass heaterlto coil
EASITrain AL O A T
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Quench heaters

- Attempts have been done in the 11 T and MQXF Nb;Sn magnets for the HiLumi
upgrade to quench faster the inner layer:

- Aninterlayer heater must be reacted with the coil
« Main critical point is integration
- Two heaters were lost in the first test, and this option has still to be
explored

« Inner layer heaters showed a non negligible rate of heater circuits lost, and
evidence of detachment of the heaters from the coil (bubbles)

Inter-layer heater in a 11 T coil Inner layer heater in a MQXF coil
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CLIQ

- CLIQ (Coupling Losses Induced Quench)

«  This system is based on injecting in the magnet coils two opposite
impulses of current via a capacitor

«  The mechanism is the heating due to interfilament coupling losses
induced by the variation of the field

It has been developed at CERN and patented in 2014 (EP13174323.9)

J~t

- /
= L
L.
CLI
— Up

CLIQ l

D TH
L I(l CL2 L

‘ Electrical scheme of CLIQ implementation in a dipole
EASITrain G. Kirby, V. Datskov, E. Ravaioli et al. IEEE TAS 24 (2014) 0500905 27




CLIQ

- In combination with QH, provides a redundant protection system. In
the case of MQXF, it reduces the quench load by 20 % at high
current, decreasing the hot spot temperature by~ 100 K.

- The baseline protection scheme of the HL-LHC MQXF quadrupole
relays on CLIQ + QH, a prima for accelerator magnets.

Comparison of quench load in MQXF magnets when Current decay in MQXEF for CLIQ + QH or QH only
protected only with QH and QH+CLIQ protection
35 [ [ [ 18 T T T
—#— QH only 6] . —16.47 11:A Only QH
- .- 1 P - - =16.47 kA QH+CLIQ
30 ¢~ CLIQ+QH \‘*c\,s’ ---------- 16.47kA 4/8 QH + CLIQ

2 5 141 ‘

<

= 127

S20) S

fao] :‘ 10 -

= =

= ].5 B g 8 L

5 S

é 10 6r

4 L
5 L
2 L
O 1 1 I O |
0 5 10 15 20 0
EAST Tt Magnet current (kA)




Summary

Magnet protection concerns two different phenomena: increase of
temperature (joule heating) and increase of voltage (transition to
resistive state).

The two key parameters for the protection of a magnet are:
«  Current density in the copper (heating rate)

« Energy density in the coil (needs to be dissipated in the coill
enthalpy)

A resistor in series with the magnet allows to dump part of the
energy, but it is not effective for long magnets or magnets in a
string due to the voltage limitation.

For long and high current density, the protection relies on the
Induction of a rapid transition to resistive state in the full coil.
In the LHC-MB NDbTi magnets, the time margin is = 100 ms.
In the HL-LHC Nb3;Sn magnets, the time margin is = 40 ms.
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Summary

The typical time needed to detect and validate a quench is 15 ms.

Two systems to induce a resistive transition in the full coll:

« Quench heaters: temperature rise in the conductor through the
heating of metal strips attached to the coill.

« CLIQ: temperature rise in the conductor through the inter-
filament coupling losses induced by the variation of the field.

Today a total of 40 ms for quench detection, validation and delay of
heater or CLIQ Is the minimal value for the magnets to be installed
In the HL-LHC. It is also the target for FCC magnets.

R&D magnets explored the possibility of further reducing the time
margin to 20 ms, but with features that look problematic for an
accelerator magnet (robustness, redundancy, failure...)
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