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New accelerator magnets based on —50 K

Nb,Sn are pushing the boundary of 100K |_€m limited
protection

Accurate simulation of quench 1000 150K W
transients in these magnets is crucial 1200k | |

to the design choices, definition of &~ %F/—MQXF
priority R&D and to prove that the E 250K , )
magnets are fit for operation S 100 || —300K LHC o

We have today large uncertainties in £ 1 —400 K

the simulation results, depending on o ~
the hypotheses (inputs). It is 10 00K F S
essential to establish a good _ §
understanding of the dominating LHC dipoles  11T/MQXF ] =:
physics, and collect (new ?) data in Jop = gg(m//mgnz Jopf SUD A1 i )
well controlled and heavily 1 Em™ M ep =130 MJim —
instrumented experiments 10 100 1000

Jop (A/mm?2)

This is a challenge for the CHATS community !!!
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- We proposed and validated an approach to model full magnet systems with
reasonable computing resources by breaking the complex problem in simpler

building blocks that are solved separately and then joined into a consistent
solution.

SUPERMAGNET (THEA-POWER) model

Two principal m
directions: () \

1. Longitudinal 7
Length scale is
hundreds of m
2. Transverse

Length scale is Transverse—> / /

Longitudinal =

tenths of mm
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\
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In 2017...

- We have built and tested at CERN two MQXF short models, six
11 T single apertures and two 11 T double aperture magnets.

- Database to identify basic scaling relations and derive a simplified method
to predict quench initiation and development in accelerator magnets.

MQXF 11T

Inner triplet quadrupoles Dipoles for the DS Region
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Motivation

Due to the high stored energy density (130 MJ/m3) and the low copper stabilizer fraction
(55 %), quench protection in HL-LHC Nb;Sn magnets is particularly challenging.

LHC-MB HL-LHC 11T HL-LHC MQXF

- Bp(lnom): 86T . Bp(lnom): 11.8T = Bp(lnom): 114 T
- ‘Joverall(lnom): 356/442 Almm? ° ‘Joverall(lnom): 523 A/mm? 8 ‘]overall(lnom): 469 A/mm?
" Jeu(lnom)= 763/932 A/Imm? e Jy(loom)= 1439 A/Imm? " Jey(lnom)= 1330 A/mm?

= e (lnom)= 71 MI/M?3 ¢ epllom)= 130 MI/m? = e (lom)= 129 MI/m?




The challenge

Beam energy ~, / Bending radius
E |GeV] = 0.3 B[T] p[m]
Dipole field

Our aim: largest feasible and economic B to reduce the accelerator radius
But large field means...

Large current density (J) , since we want to keep them as compact
(cheap) as possible

2
B= % Jwsin(p) S

¢
/ ' J w
Large stored energy </

E_ nB?R%,

! Ho




The challenge

: : 10000
High field magnets get more
and more challenging to a FRESCA? m
protect if we want to keep S /%QCIC-;E—LHC (Malta)
them compact (high J). %’: 1000 rEscA o MD20
bt MBH (111)
8 MFISC sSUT
What are the actual limits? S o
o 100 - HERA o
% Tevatron
RHIC
E mB*R}, 1_|_2 w +1<W>2
[ Ho 3Rin 6\Rin 10
1 10 100

Bore field (T)
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Protection of accelerator magnets

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) (e.g. 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)

vV ZE/l
— = = 500..1000V/m

1~ Tlop




Typical quench event

o of . ) magnet
Example of an LHC dipole magnet training quench, courtesy L. Bottura
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Quench heater based protection

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

11 T Heater Lay-Out (only outer layer heaters)

Outer layer heater design

24 mm
50 mm

19 mm Copper Stainless
B Steel

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

Outer layer heater design 1Bl (T)

e Y Y—/3 - 1
19.5 mm 10.83
40 mm 10.23

9.

Stainless

320 mm

2NN wo =
SeUBERenmn
ER-R-R--R - [

Inner layer heater design
130




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 a HD2, 11T,
= Magnet stored energy per £ ,,,. FRESCA2 RMM
v unit volume. i LHC-MB
200 - HERA\
—_ . . \‘
C(T) = Z .. Volumetric heat capacity | | |
(T) _ fipici of the cable % 100 200 300 400
t Temperature [K]
;nz iﬁ;ﬁgﬁgn.sumrconducmr 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!

> —
AThor I NT.B) = C(T)
= , =
dt (ACu + Agc + Ains) “Acy F(T: B) nCu(T» B)
400 ¢ 6000
—T, Initial phase of the quench(constant current).
T = 5000 | Typically 5 ms to detect, 10 ms to validate,

300 - bulk and 20 ms to initiate the quench.
= = 4000 [
2 =)
= ~
s 200 < 3000
0 I
o =
§ 5 2000

100 ¢

. 1000 -
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 02 025 03

Time [s] Time [s]
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Quench detection — experiment

MQXFS3

During magnet training, the
study of the voltage growth
in the initial phase of the
guench is used to built
statistics on the time needed
to detect the quench.

10

Even if the data is scattered
(different quench
location/type), it can be used
to identify the basic
relations.

1
15500 16000 16500 17000 17500 18000
Magnet current (A)

Time to reach a given threshold(ms)

@ Time toreach200 mV B Time to reach 100 mV
A Time toreach50 mV ------ THEA 200 mV
-==THEA 100 mV -+ -THEA 50 mV




Quench detection model

Voltage growth (V(t)):

Vot 250 1
V(t) :Zjopj N (T(x,t))dx MQXFS3
0 200 f 2 ,;g@
Quench propagation in the initial phase . ,,”,;Z”'
Z 150 *
Jop nk e
V== (T; T ):,Bjop &
C joule op § 100 Increase magnet
Y} current
7
The resistivity of the stabilizer is 50r @
approximately constant for T < 20 K (1)
—> constant voltage rise with time. 0 | | . . !
0 2 4 6 8 10

Time (ms)

th

V(t) :Zjopj Niow dx = anowﬁjgpt
0




Quench Initiation - experiment

Magnet ramped to a specific current level.

Quench induced on the magnet, through the firing of a
heater strip.

Upon quench detection, firing of the rest of the quench
protection elements (energy extraction and rest of the
heater strips)

Quench
heater delay

—

Resistive Voltage

Current

Time

Quench detected and validated (rest of

the heaters and energy extraction firing)
Quench onset

Heater Powering




Quench Initiation - model

Simplest approach: assume all the energy dissipated in the quench heater
strips is invested on heating up the coil.

Won don
— — aTcond

|
e ee ;e _tqh &ﬁ;u&
44 -'
g . 88 98 8¢ 8¢

e

— C =qqn
#E |

L t;h = t(Teona = Tcs)

8¢ eo

Volumetric heat capacity of the insulated cable C(T) = Z fipi Ci

Volumetric heating of the protection heater strips i E
HOT—@
Nss Stainless steel resistivity 2
0, = 7755[QH 1
Wan, then  Heater width/thickness 0 WéchQHhcable 0 N ¢ | |
heabie Cable height 2
Rax
R, C,I Resistance, Capacitance and qb’H = QOB_Zt/RC — Rﬁ

Current of the heater circuit Quench heater circuit




Quench Initiation - model

But reality is rather far from the assumption that the heater energy is deposited directly
on the caoill

. Let’s allow ourselves to have two scaling parameters (a,b) to coil to account for:

Part of the quench heater energy is dissipated on the bath.
The heat has to diffuse through the coil insulation layers.

tqh= ;h'a‘l'b

" S2-glass
o t—:l/ coilinsulation
Trace {

Y M Y WI" Y I Y v I v I ¥ I v I v °
S | | | [N |
20 (sl B e B

—— S2-glass cable
insulation

——— Cable strands

o0 oo 6e ae
W*H:I:*H
o0 o >4

CE/RW
\

N/ S



Quench Initiation

- Experimental data available for:
«  Different insulation layouts
«  Different bath temperature
-  Different heater powering conditions

W
(=]
+
W
(=]
1
4
4
[N
W

""""" COMSOL 0.1 mm S2 g \::\ = ==-COMSOL, 19K g a = ==COMSOL
7 - = =COMSOL no S2 — 25} M - - -COMSOL, 42K "E o~ O Measurements
E40¢ I + Meas. 0.1 mm S2 § \:l\ O Meas. 1.9K S 20¢ .
] O Meas. no S2 — &y + Meas. 42K — o~
@ = 20 F \\ w e
S50 T, ¥ 3 Sl 5 15 Seoo o
N ~
E Sel g 151 I \\D\ é -4 .
s o S o .
2 o v~ ., 2 R 5 10
ﬁ 20 H ~ - 8 10 + ~o ~. 8
= E S~s<m < <
) o ~ = =
= H-~--g - S sl S ST
S0t B -~ 5 5
11 T magnet g |11 T magnet & 11 T magnet
Il 1 L 1 I} 0 1 L 1 L ] 0 L L L 1 L L ]
4 6 8 10 12 14 4 6 8 10 12 14 60 80 100 120 140 160 180 200
Imagnet [kA] Imag [kA] IQH [A]

- And a model in COMSOL which reproduces rather good the
experimental results...




Quench Initiation — validation

- The proposed 0d adiabatic approximation is “good enough” to fit the
experimental and COMSOL model data with:

tgh = t;h ca+b;a=70"tyqcercoilmm]; b =100 - tyqceacoi[mm]

where tiace200i11S the insulation from the trace to coil. In the case of the 11 T:

« 0.1 mm S2 glass — Mica conductor insulation
 In some magnets, an additional layer of S2 glass protection

50 S 4 _ 30 _ 25
_ MO o o 52 I COMSOL, 19K £ Il - - -COMSOL
£l 0 S 1(;1‘; o =gl Ny, e COMSOL, 42K — o~ e 0D model
Eaor Ty et oD o0Dmodel 0.1 mm g - - -0D model, 1.9 K §207 R
o s model no — | - = =0D model, 4.2 K — o O~
= .. RN + = 20 = NN
=] 30 L, s+ - - 15+ e,
— N RIS 5] ] [ o
Q N e, e <] (u} z R |
< S8 R g 151 g S=~
O ~ e, R g, <9 0 T S=g
= A<, AL~ 5 T . 5 10l I
5 20 B ~ ~E. ................... § 10 + B, §
2 S o 2 " <=
Q O <",
= .H' ~Tu g - 'ﬁ % 5t
MUTR: magnet B § O S
| | | | | g 11 T magnet 8 11T magnet
0 1 L 1 L ] 0 Il L 1 L L 1 I
4 6 8 [ki"] 12 14 4 6 8 10 12 14 60 80 100 120 140 160 180 200
magnet Imag [kA] IQH [A]




Quench Initiation

- Measured and computed delays
correlate, although significant
deviations are observed in
several cases

The original measured data is also
scattered, in particular at low field

level.
100
O MQXFSI
v V MQXFS3
»n' 80 o o MQXFS5
E = COMSOL - MQXFS1
> = = = =COMSOL - MQXFS3
S 60+ v ¥ |- COMSOL - MQXFS5
o
o N
: Sy N
% S il 3
= 40t RS o ¥ /
- ., N \
g Wi, "B o
= e =
o 207 B T < < {§§
MQXFS1 experimental data from "‘"":'-T'-':-.-":;::
G. Chalchidze, S. Stoynev
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Quench dump

- Magnet ramped to a specific current level.
- Quench induced on the magnet, through the firing of OL or OL+IL heaters.
- Study of the current decay, resistance growth and temperature rise.

Quench
heater delay
Ing
1
: Temperature margin (K)
|
: - 13.03
. o . 1
I Resistive Voltag —Rsd
1 ] 11.89
1 - 11.51
: o 1113
1 - 10.75
1 mmm 1037
1 9.999
: 9.619
| 9.240
1 8.860
: Current — e
: — e
o - 7.341
A v - 6.961
- 6.582
1‘ Time —R
Quench onset ROXIE o

Heater Powering




Quench dump model

Assumptions:

Adiabatic conditions.

Average field in the coill
turns (computed using

ROXIE, function of the

magnet current).

Non linear inductance (Ld)
(computed using ROXIE ,
function of the magnet
current).

The magnet is completely
or partially quenched at
the minimum guench
heater delay.

— 0T png ; — 0T png
AC— = =Adjjpuie = C—3 — =TIc

ol
Lq + RI=0

Average heat capacity:
Cm =) fipic
i

Electrical resistivity of the stabilizer (Cu)

Ncu(B,RRR, T)

2




Dump model - Field

. . . . . 12 -
Defining quench integral (Ql) as: P
10 b [ Average Field P S
Peak Field PR
QI = f I2dt |

-  The average field in the coil is a good
enough approximation for the estimation
of the quench integral.

[Pdt [MA®s]
(@)

- Quench load is underestimated if gl DS-11T magnet
instead of the average the coil peak field 0 e
. . 0 2 4 6 8 10 12 14
IS considered. Magnet Current [kA]
MQXF 11T -
BoL =
oL 0.50 0.48 =
Bp sars
By =+
L 0.66 | 0.73 =0
Bp -

MQXF — Field profile at 11 T — Field profile at

nominal current nominal current




Dump model - Inductance

- The magnet inductance is around 20 % lower at nominal current than at low
field due to iron saturation effect

«  The field dependence of the inductance cannot be neglected for a good
estimation of the quench load!

8r 12
E = = =11 T (single aperture) ‘
=X [ R B e
= 7.5 - =i
E‘ ----------------------
§ Tro=mmmmmm=s S o '? & e
] N N
3 N S
3 69 S =6
8 N S
= 6 - N (\,':. 4 - - —Actual Field, Non-Linear Inductance (L d(I))
g B S M- Average Field, Non-Linear Inductance (L )
2 S~. ,
% 55+ 2 Average Field, Inductance at Inom
) Example for the 11T dipole magnet Average Field, Inductance at 0.11_'
5 1 1 Il L 1 1 O 1 | Il 1 1 1 ]
0 2 4 6 8 10 12 0 2 4 6 8 10 12 14

Magnet current [kA] Magnet Current [kA]




Dump model — Quench delay

In order to simplify the problem, all the turns
are assumed to quench at the same heater
delay.

Two different cases:

. All the magnet is quench at the
minimum quench heater delay, for the
case inner and outer layer heaters are
protecting the magnet.

. Only the outer layer turns quench at the
minimum quench heater delay, for the
case only outer layer heaters are
protecting the magnet

Of course this is not reality (every turn will
guench at a different delay), but we just
want to check if it is a good enough
approximation

Quench integral from heaters
powering in MQXFS3

35
30 r
25
)
N
< 201
=
s 15} 7
A\ o MQXFS3 OL only
1ot * MQXFS3 OL+IL
adiabatic OL-QH
5+ adiabatic OL
* adiabatic OL+IL
0 1 1 1
0 5 10 15 20
[kA]

magnet
OL-QH: only turns in contact with the outer layer quench
heaters quench
OL: all outer layer turns quench
OL+IL: all outer layer and inner layer turns quench




Quench Integral ([ I“dt)

- During the test we measure current (I)
- In the adiabatic 0d model

(%)
ja)
1

\

dt-R(T,B)/L o MOXF -
= — —at-r(l, d — o 1IT L=
I(t) =I(t—1)e 25 &
< -8
(T, B(I)L = T
R(T,B) _ NcuL, quench 5 //:'
Acy = 15 me
"O 7
dr 2 £ 1o .
- = Q.
dt  (Acy + Asc + Ains) * Acy - T(T, B) g //?9
O 5¢ AZ
E/
B(I), Ly (1) input function from ROXIE oL” . | | | | |
0 5 10 15 20 25 30
Measured IIzdt [MAzs]
« Good correlation between
measurements and model All MQXF and 11 T measurements

Cw
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Magnet Resistance

- During the test we measure voltage

an inductance of each coil in the E250 - »
magnet. = o MQXF It
- = o uT °
- Resistive voltage and magnet 5 2001 a7
resistance can be easily derived: = b 7
dl E 150 o 99/
Vs (t g
Vies(t) = Vior _Lda R(t) = rIe(st()) é 0
5 100 o
. = g
. In the adiabatic 0d model 2 5l A
2
= s
T,B)L
R(T,B) — nCu( ) quench 8 O&ﬂ

Acu 0 50 100 150 200 250
Measured Magnet Resistance [m(}]
* Good correlation between measurements
and model

All MQXF and 11 T measurements




Average Temperature

Average temperature rise in the
coil can be determined through

the measured resistive voltage: 120 st
rand only
Strand and insulation
Vres(t) _ nCu(T: B, RRR)Lquench v 100 | B
I(t) Acy % 5 (- e T
= J C(T)dT
At the end of the discharge, the £ 5| £ Top
average magnet temperature is T
close to the coil enthalpy.
O I I I
T _ 0 50 100 150 200
Vo JT C(T)dT Stored Energy Density [MJ/m"]
op

All MQXF and 11 T measurements
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Summary

An analytical model for the prediction of quench
Initiation and development in accelerator magnets is
presented.

Experimental measurements on MQXF and 11 T short
model magnets validate the assumptions, providing
simple relations for the estimation of the peak and
average temperature, current decay and resistance
growth in high field accelerator magnets during quench.
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11 T — MBHSP106 quenches

s 0.1
= Quench # RR (Als) 1(kA)
g 3 10 105
5 6 10 108
9 10 10 11.3
0.08 11 10 11.3
12 10 11.3
13 10 11.3
14 1 114
15 50 1.1
0.06 16 100 10.9
0.04
—Quench 3
== Quench 6
0.02 — Quench 10
=— Quench 11
Quench 12
05 Quench 13
= Quench 14
= Quench 15
| | l ! — Quench 16
-0.001 0 0.001 0.002 0.003 0.004 0.005
Time (s)




Detection—11 T

Time to reach 100 mV [ms]
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Detection - MQXF

10

¢ MQXFS5
B MQXFS3
8 —THEA

Time to reach 100 mV (ms)

1 ¢

0
15000 15500 16000 16500 17000 17500 18000 18500
Magnet current (A)




COMSOL quench heater model

The model

= 2D FEM simulation (COMSOL), solving the
heat equation until first point in the cable

reaches T — gae~2t/7T

= One turn at a time. 1= o \ T=19K

= Half of heater period is enough due to P - _§S S ,
symmetry.

» Field profile in the conductor imported from
ROXIE Outer layer bare cable

-

I
P
~
(D
-
—

8

Inner layer bare cable

n-(kVl) =0




MQXF heater delay

Outer Layer — High Field Block Outer Layer — Low Field Block
100 100
a
O MOQXFSI ¥ O MOQXFSI
v V MQXFS3 Vv MQXFS3
= 80F o o MQXFS5 = 80Ff o MQXFS5
g S COMSOL - MQXFS1 R (o COMSOL - MQXFS1
> ¥ - = —=COMSOL - MQXFS3 > L - - =COMSOL - MQXFS3
S 60 v ¥ e COMSOL - MQXFS5 S 601 Soo |- COMSOL - MQXFS5
5 iR Wy 5 L R o
< AR 4 e 4 = o e e 4
) s f— O S, S M'
S 40F . R 4 \ < 401 Sl S e
g R Yl 5 g N T
5 ‘:vil":&-: T~ Ta : T, - T
o 207 LR M o 20¢ RS Sl
i A o R
b GRS o
0 1 1 1 1 1 1 1 L | O 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
Magnet current [KA] Magnet current [kA]

Experimental data from G. Chalchidze, S. Stoynev and H. Bajas.




