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STEAM at MT26 conference

All online versions now have correct references

Name Affiliation Title Type Software Reference
. Preliminary Design of HEPdipo, a Nb3Sn Large Aperture Dipole
D las M. A CERN ; ; Post LEDET
ouglas raujo Magnet for Cable and Insert Coil testing Oster No = Yes
Performance, diagnostic, and quench measurements of a dipole
Daniel Davis LBNL composed of two racetrack coils wound with high temperature Oral LEDET Yes
superconducting Bi-2212 Rutherford cable
Helene Felice CEA Advances in Nb3Sn Superconducting Accelerator Magnets Plenary LEDET Yes
Alexandre M. Louzguiti  CERN D.e5|gn of radiation hard spare units for the orbit corrector Poster LEDET Ves
dipoles of LHC
Vittorio Marinozzi FNAL Analysis of the heater-to-coil insulation in MQXF coils Poster LEDET No - Yes
Samuele Mariotto INFN Fabrication and results of the first Round Coil Superferric Poster COSIM No = Yes
Magnet at LASA
) ) Protection Studies of the HL-LHC circuits with the STEAM BBQ, COSIM, LEDET,
ks s L. Al Simulation Framework B ProteCCT, SIGMA HEE
Quench simulations versus experimental observations on the
Matthias Mentink CERN HL-LHC MCBRD canted-cosine-theta short models and prototype Oral BBQ, ProteCCT Yes
magnets
Emmanuele Ravaioli CERN Quench protection of the 16 T Nb3Sn ERMC and RMM magnets Oral LEDET Yes
Andrew Twin Oxford Use of Silicon Farblde Varls.tors For QL.Jench.Protectlon of Oral ProteCCT Yes
Instruments Superconducting Magnets in Cryogenic Environments
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https://indico.cern.ch/event/763185/contributions/3416518/
https://indico.cern.ch/event/763185/contributions/3415620/
https://indico.cern.ch/event/763185/contributions/3427829/
https://indico.cern.ch/event/763185/contributions/3415993/
https://indico.cern.ch/event/763185/contributions/3415955/
https://indico.cern.ch/event/763185/contributions/3415543/
https://indico.cern.ch/event/763185/contributions/3416058/
https://indico.cern.ch/event/763185/contributions/3415488/
https://indico.cern.ch/event/763185/contributions/3415542/
https://indico.cern.ch/event/763185/contributions/3415516/

STEAM at MT26 conference — New contacts and future users

Name

Affiliation

Application

Rod Bateman
Marco Breschi
Arnaud Foussat
Piyush Joshi

Andrew Twin

Tokamak Energy
University of Bologna
CERN

BNL

Oxford Instruments

Quench protection of HTS magnets

Magnet transient simulations; University training
Quench protection studies

Support during magnet testing

Quench protection studies
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Douglas M. Araujo (CERN)

y MT 26 Magnetic and Mechanical 3-D Modelling of a
International ec.hf:nference
on Magnet Technology e B
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, S , BERKELEY LAB QUEI\CH PROTECTION ANALYSIS
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Daniel Davis (LBNL) -1a

LBL-CLIQ Demonstration on RC7n8 Common Coil Dipole at 77 K
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First CLIQ testing of a Bi-2212 dipole. Ready for liquid helium quench testing.

LEDET simulation matches reasonably with measurement.
Rapid decay due to dynamic inductance replicated
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Daniel Davis (LBNL) -1b

Taps:

ion with Mid

Coil Field and Quench Margin

Simulating Control of CLIQ Heat Depos
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Alexandre M. Louzguiti (CERN)

Col D. Fagund G. Kirby . Ll 3 oerling
European Organization for /Vuc/ear Research (CERN), Geneva Swrtzerland “‘Lawrence Berkeley National Laboralaly, Berkeley, CA 94720, USA

Context
Due to the HL-LHC upgrade, the Nb-Ti orbit corrector dipoles (MCBC and MCBY) will receive significantly increased gamma radiation doses i.e. up to 20 MGy uv:r the HL- LHC lifetime. Al shrinking
These 0 the LHC were not such doses; we have thus started a gamma thell /\)/ (-\ W\/\ lind ™
In add since the available spare are limited in number and not we have also hud ofthe present MCBC and MCBY magnets. [, L o cylincer C/ o
[ * G MCBY

1.9/45K 100/7T4A  3.11/233T 3.65/2.68T S8.1/583%

T2A 25T 296T

Gamma radiation hardness of present magnets

Magnet c and il i Gamma irradiation campaign
Gamma irradiation with %9Co source at BGS facilities (Germany) Upcoming gamma radiation campaign:

Gamma irradiation degrades mechanical and

s : e X electrical properties of the organic materials Breakdown voltage tests after irradiation of LHC
] e s 2 . e % Ribbon cables irradiated under more
5 A lnwlslmg lam > coil during a"ss;’:‘:‘:'s’e (A) and : k"l"::o“"‘m'e (€, D), 2 K i and
and thermal cycles He atmosphere)
Additional samples to test the other magnet

nis kS
-~ Ribbon cable cxrrrsifamaazaes > quench triggering LHC spare wire  Supercon Inc wire ~ Type C + Araldite components: cuts of old pre-series MCBC coil
s 2 {PVA enamel) (polyimide) 2011 (ribbon glue) and Isopreg 2704
YA etanel | > electrical arcing a # Irradiation up to 2.5, 5 and 10 MGy
- verage breakdown 5. 4 50.C TipeD 4 Post-irradiation breakdown voltage and
Al shrinking > field quality deterioration voltage after irradiation . i
prbe pire S S mechanical tests will be performed
) 3 . - Gamma radiation can 1 MGy 24k - - > LHC spare wire resists between 1 and 2.5 MGy ’ 2 st
Coil lmumsq‘nl“‘ with o ':[“‘““’g‘{';:{ Nop 0T mm damage the coil and degrade 25 MGy <10V 28KV 42KV > Candidate wire resists more than 5 MGy e e oo e raion
Araldite GY 285 mixed jyppggiony 0P 00 Nb-TR magnet performances - 38KV 29kv > Tests under c ti
with Texaco D400 filaments 5 MGy

Radiation hard design: magnetic simulation
< Common design (based on MCBY) for the radiation hard spare units of MCBC and MCBY 9 - 0

magnets to reduce the manufacturing cost (called MCBYR and MCBY* respectively) Y e TR TS T s
3
-10 - current (A)
% Compared to MCEC, the larger aperture of MCBYR allows to place a 7mm-thick :3 Bt e £
tungsten shield to increase the protection against radiation ~.20 S

-+ Re-optimization of the coil ends with present T Al Magnetic | Operating uon-ui Nominal |Peak fieid on| Percentage Stored
ROXIE algorithm to control the cable mechanical JI7TIC03 length length  temperature bore fieid | conductor dongloadn nmmnce energy

strain in the coil ends and the

magnetic field quality along the | w= it 70mm  1100mm 880mm  1.9/45K  S470A  3.I8235T 3.63/269T 56.23/57.37% 4.69/4.87H 20.7/11.9K)

magnet
-~ MCBY* 70 mm 1100 mm 880 mm 45K T4A 256T 2927 61.76% 486H 133
ROXIE s -
Mechanical 5|mulat|on Quench simulation Alternative CCT design
Azimuthal stress in MCBY after preload (scissors i cool-d at19K i inki 2D quench simulation of MCBYR with 80mQ crowbar resistance performed with A Canted Cosine Theta (CCT) design, similar to MCBRD, with a 500A
imide-insulated has been

cylinders) and magnet powering simulated with ANSYS APDL -> negligible impact of e.m. forces STEAM-LEDET to control the hot spot temperature (larger stored energy than MCBY)

Quench in MCBYR # mechanically robust and radiation
quench| ” g
g ion  velocity
S taken into account tof 4 cost reduction for a few units
- evaluate the resistive
= 5 H #individual quench  protection
Azimuthal Azimuthal =
Afiar peslond stress(nPa)|  Afiarcool B strass Gin Pa) % +Adiabatic hot :vstem needed (larger stored
tomporanire ‘ i::; Saurs| dounsiloK [‘-:::::: s 2 temperature ~180 K
= Time, ¢ 5] =

< conductor development to reach
MCBYR i

- Quench protection scheme sultable for MCBYR and MCBY*
Sromese

Quench simulation

2D quench simulation of MCBYR with 80m{Q crowbar resistance performed with
STEAM-LEDET to control the hot spot temperature (larger stored energy than MCBY)

Coll current, /[A)

100,

80

Quench in MCBYR 0L

- X< longitudinal quench
propagation  velocity
taken into account to
evaluate the resistive

160

== Coil corent 120

. Hotspot mwmrcfso growth

< Adiabatic hot
temperature ~180 K

&

Hot-apot temperature, 7

0 02s 05 0.75 1 125 15
Teme, 7 [s]
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Vittorio Marinozzi (FNAL)

Fermilab

Analysis of the heater-to-coil insulation

in MQXF

VITTORIO MARINOZZI. GIORGIO AMBROSIO, MARIA BALDINI, STEVEN KRAVE, FRED NOBREGA

PIYUSH JOSHI, JOSEPH MURATORE, JESSE SCHMALZLE

PAOLO FERRACIN. EMMANUELE RAVAIOLI, EZIO TODESCO, SUSANA IZQUIERDO BERMUDEZ

Abstract
In the framework of the Hilumi project the present LHC low-p
will be substituted with more performing ones,

named MQXF. MQXF will have high peak-field on the conductor (~11.4 T),
herefore the Nb;Sn technology is needed in order to reach the target
performance. One of the main technological challenges for the NbsSa
magaets s the coil fabrication: due to the britleness of NbsSa, coils needs to
be impregnated with epoxy zesin in order to improve

ELECTRICAL REQUIREMENTS AND QUALITY CONTROL
Electrical requirements are defined by the Hilumi Electrical Design Criteria [1], based:
on peak voltages expected during quench. Test values are reported in Table 2. All coils
produced up to now passed all electrical QC tests after production.

MT 26
International Conference
on Magnet Technology

Vancouver, Canada | 2019

2

coils S

Fermilab, USA
Brookhaven National Lab, USA
CERN, Switzerland

QXFP1 AUTOPSY

A 50 pm polyimide layer is expected to withstand up ~12 KV, The polyimide layer where heaters are photoetched has holes, used to allow epoxy flow
Guring impregnation, which are set at a minimum distance of 4 mm from the heaters. If epoxy has multipole cracks during cooldowa the minimum
heater—coil distance is therefore ~4 mm. Helium at 1 bar and 300 K has 1 KV voltage breakdown for 4 mm distance (Fig 8). This threshold is coasistent

| TABLE 2 MQXF coil electrical QC levels |

with the heater-coil voltage failures reported in Figore 5. Nonetheless autopsy was performed on QXFP1. first 4 m prototype coil for MQXFA, tested in
2 mirror strocture. The autopsy showed that in failure zones there are bubbles on the polyimide layer under the heaters. These bubbles may have been
formed by blistering caused by helium expansion in micro-voids of the impregnation during a quench. The bubbles reduce the thickness of the

and avoid conductor damage. MOXF magnets are vsing quench heaters
impregnated with the coil in order fo reach the required efficiency. Quench
heaters are inslated from the coil by @ 30 pm layer of polyimide and a 145
pm layer of 52 Glass® filled with Epoxy resin. The test of the first MOXFA.
prototype (with 4 m long coils) was interrupted due to a heater-to-coil short
circuit caused by an Hipot test after helivm exposure. Electrical testing
procedures were revised, and a thorough analysis of the heater-to-coil
insulation was performed

MQXF QUENCH PROTECTION
The quench protection of MQXF is based on Outer Layer quench heaters
and CLIQ (coupling Loss Induced Quench). The triplet is made of 6 magnets
in series (four 4.2 m MQXFA magnets. two 7.15 m MQXFB magnets). Each
magaet has a dedicated CLIQ unit [4] (40 mF, 600 V/ 1000 V for
MQXFA/B). Each coil is protected by 4 heater strips on the outer layer (16
strips per magnet). 8 HFUs are provided per each magnet (7.05 mF, 900 V).

LT I»_,,i

Lp[m" Lm.‘l L:au

| Fig. 1 Triplet quench protection circuit ‘
| TABLE 1 Main MQXF

Material NbsSn

150 mm
Peak Field 114T
Nominal Current 16470 A
Length MQXFA/MQXFB 42m/715m
Stored Energy 1.17 MIim
Inductance 8.21 mH/'m

e
1]
o)
e =, @
- =fEee
Fig. 2 MQXFA quench Fig. 3 Quench heater
heater trace locations and

MQXFAP1 FAILURE
First MQXFA prototype had a coil-ground failure during training (queach 18). The
failuse occurzed in a coil which previcusly had & heater-coil short. The corrent flowing
through the heater-coil short degraded the ground insulation. The heater-coil short was
cansed by a 2.5 kV heater-coil test performed after magnet had already been in superflsid
helivm. The threshold for this test is now set to 460 V by EDC, Table 2 (aot available by
AUP at the time of MQXFAP! test)

Fig_ 4 Pictures of the short location in MQXFAPL

[ t . - . V_test (air, 300 K, ; !

= M V_test (LK) V_test (air, 300 K) - e:ﬁ(::rne) polyimide, and therefore also its dielectric properties.
Coil-Ground 1840V 3630 V 368V
Coil-Heater 2300V 3680 V 460 V

White line is the
result of the cut made
in order to peel-off
the heater strip

ig. 7 QXFP1 autopsy, and areas with reduced

of heater-ci

PEAK VOLTAGES DURING A QUENCH

Heater-Coil voltages change significantly during a quench because of CLIQ oscillations and the development of inductive and resistive components
Figures § and 9 show the peak heater-coil voltages in MQXFA and MQXFE magnets at nominal current The peak heater-coil voltage in MQXFA
‘magnets (computed using STEAM-LEDET [2-3]) is ~ 350 V, aad it is reached when coil temperature is ~ 100 K; in MQXFB magnets the peak heater-
coil voltage is ~ 650 V. and it is reached when coil temperature is ~ 100 K. The difference s due to different magnet lengths (4.2 m and 7.15 m). Peak
values are compared with the Polyimide and Helivm breakdown voltages. The helium breakdown voltages are reported for a 0.2 mm path, that is the
distance between heaters and coil in case of complete polyimide failure, and for a 4 mm path, that is the minimum distance between the

VOLTAGE FAILURE LEVELS IN MQXF COILS & MARGIN
The heater-coil insulation of several prototype and short MQXF magnets have been
tested up to failure. Results were compared to the QC voltage after contact with helivm
(460 V according to EDC), in order to understand the electrical design margin. The result
is that MQXF coils have a factor 3 margin (Fig. 5). Similar test made in helium (Fig. 6)
can be compared with peak voltages expected during a queach (Fig. 8-9)

heater and the holes in the polyimide (Fig. 2). During a quench helium may act as insulator, since its pressure grows with the increasing temperature (in
isochoric expansion, helium should reach 530 bar at 100 K), and provide encugh insulation fo prevent a heates-coil discharge akso in case of complete
polyimide failure [4-5]. An option to increase the electrical robustness of the design is to increase the heater-coil insulation. However, in this case hot-
spot temperature will exceed the 350 K threshold in case of CLIQ failures (Fig. 10), increasing the risk of damaging a magnet during a quench. The!
cheice of increasing clectrical insulation should be made oaly if strictly needed.
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MQXEF coils: first failures and 2as (1 bar) after magnet training

Fig 5 Heater-coil insulation voltage in | Fig. 6 Heater-Coil HiPot in He
i |
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Fig. 8 Peak heater-coil Fig. 9 Peak heater-coil Fig. 10 Effect of alternative
voltages in MQXFA voltages in MQXFB design on quench protection
CONCLUSIONS
This poster presents the analysis of MQXF Heater-Coil insulation
A coil-to-ground short occurred during the test of the first MQXFA prototype is explained by a heater-coil high-voltage test (2.5 kV) d after

<oils were exposed to helivm. The HL-LHC Electrical Desiga Criteria [1] set a threshold of 460 V after helivm exposure, which will prevent similar
issue.

All coils fabricated so far passed all heater-coil QC tests showing no issue after manufacturing.

Test to failure of 106 MQXF heaters after cold magnet test showed heater-coil failures above 1.5 KV (Fig. 5). This threshold is three times above the
requirement (460 V. Table 2) and is consistent with the holes in the polyimide for epoxy flow during impregnation.

Coil autopsy showed that after cold test there may be polyimide thickness reduction in seme locations on top of micro-bubbles in the epoxy between
turns. The dielectric strength of the polyimide may be reduced by this phenomenon. Nonetheless tests performed in He gas (Fig. 6) have shown
sufficient margin with respect to expected peak heater-coil voltages during quench. On top of this margin there is the additional margin provided by
the large pressure increase of helinm during quench, which is going to increase the dielectric strength of helivm trapped in epoxy bubbles/cracks.
Any increase of heater-coil insolation is going to cause hot-spot temperatures above 350 K in case of CLIQ failure

Therefore the present design of MQXF heaters is a and an solution for MQXF magaets
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Samuele Mariotto (INFN)
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M

S. Mariotto**, A. Leone*, A. Paccalini®, A. Pasini’, D. Pedrini’, M. Prioli*, M. Quadrio*, M.Sorbi **, M. Statera*, M. Todero *, R. Valente **

*INEN LASA, *University of Study of Milan, °La Sapienza University of Rome

UNIVERSITA
DEGLI STUDI
DI MILANO

Tue-Af-P02.18-06 [38]

I. INTRODUCTION

Technological d P! and in magnets for particle accelerator
require new solutions in magnet’s design and use of HTS materials. A new solution for the
construction of Superferric High Order Corrector Magnets is proposed here by LASA laboratories
called RCSM. Its design is particularly suitable for strain sensitive superconductors using only single
round coils with large bending radius to create the necessary magnetic field. The arbitrary multipolar
iron yoke is able to create the desired harmonic components for the magnet. The construction
processes of the first working p pe, which i a single MgB, round coil, is

presented and test results are shown and discussed.

II. MAGNET DESIGN

Operating Current 14881 A
Ultimate Current 161 A
Magnet SSL@ 4.2 K 300A
Coil SSL @ 4.2 K 333A
Stored Energy @ I,,, 11k
Stored Energy @ |, 123k
Low Current Inductance 375 mH
Differential Inductance @ I, | 73 mH
Semi-Module Lenght 90 mm
2 Modules Magnet Lenght | 360 mm
OIL PARA
N turns 336
3
Layers 28 No S_-fiber glass
Radial thickness 322 mm don il Polyestes
Al tickness | 18mm
e i T Diameter 1£0.01 mm hdret 6%
Radial BTS2 Insulation | 0.15mm || N Filaments 37 ik 145%
Axial BTS2 Insulation 12mm || Filament Size 55 um Rz 1%
Load During Winding 1Kg MgB, 115% Copper 14%

III. PROTOTYPE ASSEMBLY

Assembly of the prototype performed at LASA laboratories. The two halfs of the prototype are
centered with the external groove while rotational centering is made with Cu-Be rods which provide
also compression in axial direction.

Kapton 0.15 mm thick

\'.«’
A\ D%

GROUND INSULATION for coil ends COIL INSTALLATION

IV. POWERING TEST

Plan:

o 4.2 Kramp rate 0.2 Als until I=75 A (limited by
protection threshold on coil total voltage)
Fast discharge — Test of QDS system

o

4.2 K ramp rate 0.2-0.5 A/s until 55 and ;.
42K @ lyr

Training with ramp rate < 0.3 A/s

4.2 K ramp rate 0.2-0.5 A/s until I,; (fo assure no
degradation)

0o 0 o0 o0

TEST RESULTS

o Ultimate Current reached without any training

o 3 different spontaneous quenches occured at the same
maximum current of 236 A

Short samy

Ultimate current

Current (A)

Nominal ¢
= Reached, no quench
© Provocked quench
4 Quench
6 7 8 9

0 g

0 1 2 3 4 5
Test at INFN-LASA Quench number

Magnetic Field rotation
140 grefic Fled rotat 500

Magnet connected to mechanical support and electrical
link to bus-bars. Coil ends are soldered with a MeB,-NbTi
Junction ona PCB glued on the lower coil’s face.

Monitoring of Temperature:

o Two Carbon Glass probes (CGR-500) for temperature
on magnet ends to have temperature gradient < 100
K/mand <40 K/h

121 s I oy =
10 e S — 400 —Megnet Loadiine
€l e z - Single-Coil Loadline
g 10 — s Critical Surface
i3 ! S 300
N omed g iacs g
< . < oPERAID 3 -
60f | Rampup | 200 o
i Rampup2 g
400y Rampup3 = _4831A
p Ramp-dov | 100
200 o Ramp-downl
i
0 0
o 50 100 150 200 250 300 0 05 1 15 2 25 3
Current (A) Magnetic Field (T)

Hall probe signal taken from different ramps of the powering
test. High repetibility of the magnet with no degradation at high
value of current. 20% difference from simulations

o Probably due to Hall probe positioning — Currently under Study

Voltage Taps

ELECTRICAL CONNECTIONS

Comparison between loadlines and wire critical surface:
o Single Coil - 73% of loadline
o Magnet - 78% of loadline
Compatible with wire degradation during winding

Spring Washers

COIL-POLE CONTACT SURFACE

Simulations in static

V. QUENCH STUDY

Ditbentidl fluciance elec}mmagnencr solver

0.45 simulated with OPERA3D * Needs of transient

electromagnetic simulations
Effect at High Current visible
also in the Single Coil Test
[ .
= Hypothesis:
l +  Eddy currentsin
superconductor
ol + Eddy currents in non
N N e w2 _ laminated ARMCO Iron
05 Ramp down — Resistance development in
b ] ) stabilized coil ends
[ s 100 150 200 250
Cureent (A}

250 "

200 Protection Scheme Design
_— ~——Measured *+ Voltage Threshold:
<150 ~ -Sim. QLASA + LTSpice 100/150 mV for 121,

g + Validation Time 20 ms
£ Ultimate current (161 A),
3™ Rom=1Q
* Coilends
50
0 L .
025 0 025 05 075 1 125 15 m
Time (s .
& . ¢ ’ Quench Analysis
§ QLASA & LTSpice
~ 1=236 A (159% IL..))
o 0 Maximnm Voltage
g 6V at dumy
£ 100 a —Maoasured = P
S i ~ Sim. QUASA + LTSpice * Touxsimulated = 270K
3-150 y
o Measured decay is faster
-200 than simulated
250 . . ANALYSIS STILL
025 0 026 05 075 1 125 15 ONGOING
Time (s)
VI. CONCLUSIONS
The First RCSM prototype, in the dule , has

been constructed and successfully tested. The magnet reached, firstly, the
nominal current and, secondly, the ultimate one without any quench. The
maximum current reached is equal to 236 A (78% of S.S.L. @ 4.2 K) which is
compatible with wire degradation seen during the Single Coil test and
reasonably due to winding process. Further analysis of the magnetic field
produced has to be done in order to verify the magnet efficiency. Quench
analysis showed that experimental decay is faster than the simulated one.
Different hypothesis are still under discussion and analysis. Results of the
RCSM prototype test are encouraging and they open to the construction of the
full modular operating magnet.

CONTACT INFORMATION PhD Student
University of Study of Milan
Email: samuele_mariotto@mi.infn.it Milan, Italy

Presented at MT26 Conference 2019, Vancouver Set 227 — 29" — NbTi Accelerator Magnets Il

V. QUENCH STUDY

DS

dn
=

-100

Coil Voltage (V)
3

-200

-250
-0.25

1]

Differential Inductance
simulated with OPERA 3D

Change of ramp up rate because
increasing sizgnal noise

0 100 150 200 250
Current {4}

—Measured
= -5im. QLASA + LT 3pice

0.75 1

025 05

125 15
Time (8)
] | =—Mhaasurad
i — Sim. QLASA + LTSpice
025 05 075 1 1.25 1.5
Time (s)

Simulations in static

electromagnetic solver

+  Needs of transient
electromagnetic sinmlations

Effect at High Current vizible
also in the Single Codl Test

Hypothesis:

+  Eddy currents in
superconductor

+ Eddy currents in non

laminated ARMCO Iron
+  Resistance development in
stabilized coil ends
Protection Scheme Design

*  Voltage Threshaold:
100/150 mV for I=1_

+  Validation Time 20 ms

«  Ultimate current (161 A),
Rome=1 0

+  Cpil ends

SYEXN

Quench Analysis
QLASA & LTSpice
I=236 A(150% L)

+  Maximum Voltage
236V at dump
* Ty simulated = 270 K

Measured decay is faster
than simulated

ANALYSIS STILL
ONGOING

CERN

STEAM at the MT26 conference — E. Ravaioli — 16 October 2019

10



Matthias Mentink (CERN) -1

Introduction

* High-Luminosity Large Hadron Collider Upgrade: CERN Upgrade to
achieve ten times higher luminosity

+ Circuits powering ten different superconducting magnet types, with
often more than one variant per magnet type

*  Within STEAM project: Extensive simulation effort, cross-checked
against experimental observations where possible, toward
understanding the transient behavior of the HL-LHC circuits and their
components, and to ensure their proper protection

Inner triplet circuit

Latest proposed ML-
LHC Inner Triplet
Circuit Layout

o 7R o i as
MQXF magnets protected with Quench Heaters, Inter-filament coupling losses in Nb,Sn
€LIQ (Coupling-Loss-Induced-Quench) and diodes MQXF quadrupole magnets (LEDET)

i.
B

T
Transient behavior of IT circuit with power supplies, Effect of Qis and CLIQ on the beam,

crowbars, diodes, six different MQXF magnets (Here: CLIQ discharge, simulated with SIGMA)
(Co-simulation of LEDET + PSPICE)

Simulated hotspot temperature and peak voltage-to-ground at elevated
temperatures, comparison with experimentally observed insulation voltage
tolerance at elevated temperatures, also considering fault scenarios and
compositional inhomogeneity (LEDET)

Effect of a spurious CLIQ or quench heater discharge on the beam (SIGMA)
Effect of collimator material choice on the local voltages-to-ground, in case of
asynchronous beam dumps (Co-simulation: LEDET + PSPICE)

+ Interaction between crowbars and cold diodes (PSPICE)

+ Busbar studies (BBQ), etc. etc.

.

.

ejewski, E. Ravaio M A e 1) Nollmann, A erwe

Protection Studies of the HL-LHC Circuits with the STEAM simulation framework

cryo-assembly

\ /
7\
i

Main dipole circuft with 11 T eryo-ossembly and trim circuit Nb,Sn 11 T dipole magnets, protected with
Quench Heaters and a by-pass diode

Ui 1 e

i
S
P~ -

Simulations of transient behavior of trim Voltages-to-ground in the circuit under

circuit current leads + busbars (BBQ) fault conditions (LEDET)

+ Transient behavior of 11 T cryo-assembly in case of a quench or a component
failure (Co-simulation: LEDET + PSPICE)

+ Resulting hotspot temperatures and voltages-to-ground in the circuit, also
considering fault scenarios and compositional inhomogeneity in the conductor
(Co-simulation: LEDET + PSPICE)

+ Trim circuit transient behavior (PSPICE), and protection of the trim circuit

H — e oo, LB R |
T coils :. o | T e en |
Formers ?:
2=
" o i e o
iSRS
> 2 -
Eddycuments C y 3 AT
Wit O i Emem |
£ e =
e e e e e sy i
Canted-cosine-theta-type .
mognets protec wm”é‘n’wg, Initial voltage development Discharge behavior of the
after a quench (BBQ) ‘magnets (ProteCCT)

extraction + quench-back

+ Twin Aperture Orbit Correctors: Protected by combination energy extraction
and quench back

+ Definition of energy extractor characteristics for proper protection

+ Initial voltage development after a quench (BBQ)

+ Discharge behavior of the magnet (ProteCCT)

\ A

busbars and current leads (BBQ)

Hollow Electron Lens Circuits: i jons of the peak 191 g d and
Six main circuits + Ten corrector circuits, resulting hotspat temperature for different energy
protected with energy extraction extractor values (Main solenoid, 8BQ simulation)

= Hollow Electron Lens: 16 circuits powering superconducting magnets, protected
with energy extraction

« For different energy extraction values, simulation of the resulting hotpot
temperatures and voltages to ground (BBQ)

Sup ducting busbars

Self-field the RD1/RD2 Adiabatic hotspot for a given quench Temperature
superconducting busbar  integral, RD1/RD2 superconducting busbar evolution during a quench

+ Quench simulations of the various superconducting busbars

Consideration of quench-stoppers, local cooling conditions, expansion loops,
etc.

Initial voltage development, quench propagation velocity, effect of
compaositions, resulting hotspot temperature (BBQ)

.

Summary

Extensive simulation effort to understand the transient behavior of
the HL-LHC circuits {HL-LHC Work Package 7)

Simulation tools developed for this purpose: Co-simulation, LEDET,
SIGMA, BBQ, ProteCCT, amongst others

Purpose: To ensure proper protection and introduce adjustments to
the circuits as needed, to contribute to the success of the HL-LHC
upgrade

These studies were made possible through collaboration within the
CERN Technology department and with the external collaborators. We
thank everyone for their support.

/\/“B wT26 Vancouver, Canada,
N g sy 220 _ 27 of September, 2019

Mon-AF-Pol.16-04

<
Contact: steam-team(@cern.ch j
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Matthias Mentink (CERN) -2
Simulation versus experimental observations (1/2)

400 ey

300 =y

B

200

Current [A]

100 h

MCBRDpl, 1.9K, 1.43 QEE |
Measurement, 400 A -
Measurement, 300 A ]
Measurement, 200 A |
Measurement, 100 A
—=—= Simulation

0 0.2 0.4

0.6 08 1

Time after power supply deactivation [s]

MCBRDp1 prototype, discharge
over 1.43 Q dump resistor

Current [A]

400 MCBRDpl, 4.5 K, Var2 |
. Measurement, 400 A
I Measurement, 300 A
300 ‘ Measurement, 200 A
[ . === Simulation 1
200

100 -

== B ey == e e
0.4 0.6

===y
0 0.2
Time after power supply deactivation [s]

MCBRDp1 prototype, discharge
over non-linear varistor

* Extensive measurement campaign by SM18 personnel

08 I

Current [A]

MCBRDslb, 1.9 K, Varl

e Measurement, 460 A _
Measurement, 300 A
Measurement, 200 A
Measurement, 100 A |
Measurement, 50 A

Simulation

400

(o8}
=
S
_-—'/
A

[§e]
(=3
(=}

100 »

0 0.05 0.1 0.1 02
Time after quench protection triggering [s]

MCBRDs1b short model,
discharge over non-linear varistor

* Comparison of simulation to experimental observations for: Different magnetic lengths, energy extractor
types, helium bath temperatures, operating currents

* No free parameters except global constants fLoopFactor= 2.0, addedHeCpFrac = 0.6%
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141 ul ______________ 270
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7z}
g 7 1135
]
’E_! 5.6 1108
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: ——100 mF, 1500 VH
o+ L ‘ ‘ . 0
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I
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——Max and Min voltages to ground | |
—— Hot-spot temperature

-1500 -

Time, 1 [s]

0 0.2 0.4 0.6

0.8 1

Hot-spot temperature, 7, [K

hot [K]

T

Hot-spot temperature

CLIQ charging voltage, U, [V]

400

350

wn
=
T

100

Hot-spot temperature, 7, hot [K]
)
(=}
=

50}

2000

-+~ No protection

—=—40 mF,
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1000 V CLIQ
1000 V CLIQ
1000 V CLIQ
1200 V CLIQ
1500 V CLIQ

—=—80 mF,

1500 V CLIQ

2000

4000

6000 8000
Initial current, 10 [kA]

10000

2
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S

500
10

Reference

30

40

50 60 70 80
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12000

=400

=350

=300

=250

=200
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90 100

Hot-spot temperature, Thm [K]
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Andrew Twin (Oxford Instruments)

No presentation available

Andrew Twin presented Matthias’ simulations of
transients in CCT magnets performed with ProteCCT




Helene Felice (at her plenary talk)

s B

Current (kA)

Modeling quench behavior (some examples)

LEDET : Lumped-Element Dynamic Electro-Thermal

. . . . ELECTRICAL
Qu enc h sSimu | at 10N INC I u d n g sources  storage sinks Sources

coupling losses

Allows CLIQ parametrization
Valid for stand alone Ps
magnets

Validation with MQXFAP1

storage  sinks

By |

sources  storage  sinks

Courtesy of E. Ravaioli

L

\

-~ Measured [
- - Simulated /
m

- QXFPO2
QXFPO3

! !
0 005 01 015 02 025 03 035 04 045 03 700 w
Time. ¢ (5) 0 005 01 0I5 02 025 03 035 04 045

Time, { (s)

https://espace.cern.ch/steam/

0.5

U.S. MAGNET
DEVELOPMENT
PROGRAM

* Modeling magnetization of the
conductor due to coupling
currents

* Combining all the effectsintoa ¢
single coupled simulation with B
and T dependant properties : =

ANSYS® User defined elements

)ﬁ’“”esy of L. Brouwer https://usmdp.IbI.gov/scpack-codi/<

ANSYS® 3D thermal stress

Ongoing study

3D modeling
AUP/HL-LHC cross-
check ongoing

WOOOMBRNN 5725555530

) UNIVERSITE
'ﬂf DE GENEVE

FACULTE DES SCIENCES
Section de physique

24/09/2019

< Courtesy of J. Ferradas Troitino

@) | SYERN
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Congratulations to Lorenzo!

IEEE CSC Graduate Study Fellowship
in Applied Superconductivity

https://ieeecsc.org/awards/ieee-csc-graduate-study-
fellowship-applied-superconductivity

STEAM at the MT26 conference — E. Ravaioli — 16 October 2019

16


https://ieeecsc.org/awards/ieee-csc-graduate-study-fellowship-applied-superconductivity

