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Abstract

A parallel-scheme nonlinear-resistances, varistors, is adopted as quench protection device of the superconducting
magnet, and is installed in a test bench of Cryogenic Science Center in High Energy Accelerator Research Organization
(KEK). The system is designed for extracting magnet’s stored energy up to 5 MJ, while suppressing the maximum
terminal voltage below 575V even at a quench current of 15 kA. Performance of the parallel-scheme varistors are
investigated through energization tests of 3 superconducting dipole magnets, D1, which is being fabricated for the high-
luminosity upgrade of the Large Hadron Collider (HL-LHC). In order to evaluate stability of the system, a normalized
current is introduced by taking a ratio of the branch current in a varistors’ circuit to the quench current. A current-
imbalance level among the varistors is then estimated by calculating variance of the 5 normalized currents for each quench
event. The result shows that the variance is kept below 4.1x10* through all the quench events, and the parallel-scheme
varistors exhibit a stable performance. We further investigate an algorithm for detecting a current imbalance in the
varistors, which is planned to be implemented for future energization tests of the HL-LHC D1 magnet.
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Figure 1: Cross section of D1 magnet.

Figure 2: Picture of the varistor.
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Table 1: D1 Magnet Parameters

Magnetic Strength 5.60T
Magnetic Length 6.26 m
Coil Aperture 150 mm
Operating Temperature 1.9K
Nominal Current 12110 A
Ultimate Current 13231 A
Stored Energy at 12110 A 2.1MJ
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Figure 3: IV characteristics of a varistor.
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Table 2: Varistor Parameters[6]

Varistor configuration 14 disks X Sunits

Voltage at 15kA 575V
Total absorbable energy SMJ
Rated current for each unit 3000 A
Maximum rated current for each unit 3500 A
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Figure 4: Quench protection circuit.
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Figure 7: Shutoff current (peak values) of each varistor.
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Figure 5: Shutoff current and quench voltage.
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Figure 6: Shutoff current of each varistor.
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Figure 8: Quench current for each quench event.

PASJ2024 FRPO0SS8

TUF RO T — 235 8L 9 17ms #%(Z DCCB
\ZE-TEIR (dect, HHR) MHERTSNDEFRIRFIZy =

FEBIE (Veor « IER) MRETIHETERLTND, £
7-. Fig. 6 & Fig. 7 \Z Rogowski Coil [ZXVEHNT-4
AMNYZZNZFAVIAT BB 2R, 22T ANIAZ 5
ffﬂé@ﬁlﬁ SR EREEINTEY, DCCB D

WZEWARYRZ BB TAVIAT R F 2R L TND,

Flgure 7 1% Fig. 6 DERE —7fHEZYLRKLIZH DO THh
Do

3.2 ANURZHHEREAL

NURZDOPEREREH 2 Y — 7 Bl H U TRl 35,
I FEREICL ST = EREIZIIRELEN

D12 LT ORDINTEALW Z DT TR 2.
Lyorm (L) =W X Ipeak 2)
=5/1, (3)
iﬁi/?"ﬁ{nu%?ﬁb I F AR EDI %
F1g 8 127~ 7, Equation (3) TR 7=, normé’ﬁ$‘—/7‘4’

NRURZ I RIZFER A Fig. 9 1R~ T, 220150
S EBAIEHE T 272 53 BV 2 LT O XS &~ TR

O7z:
1 5
V= gz L (Inorm () — Inorm)2
i=

Figure 10 (227 F AR ND S HVERT,

Figure 9 (TR $ X2, NURZDOEKZEIZLVA
Lyorm OICEWB BTSN, 2O BB T &L &
TOARUIEEL TN RAZPLEL TEIEL TWAHIE
D3350 AR ED Ly orm (DOEENIIAHE D
U AR DIREEZ TR L CWNDZEN 3D %, F7- Fig. 10 2

O, T_RTOANRUIEEL T, NIAZO5 I
V <41x107* e+ 53/ SN ENR 5ol _@ e
B ANURZ 5 BEOWH|EREIZIBNT, K\ AL ~DE
T DO FBE T E L, BELTHIEEL TWHES 25,

s

4. INYRBRREE

“

RIEETITA %D D1 FERERBRIZ)T T H AN AKX
AT LORTRD IGEZHEZ DT DI FT L COND R H
FNFEOFEME R ~RD,

4.1 Lyorm&l, EDOFEE

NYRZORIEDIREEZFRINTHE IO £F
Luorm &1, EOFABEZ T~ ZORREE BAICEK T L
BRIz,

FHBIGREA RO DEE | 1y &Ly o \EIEHFEEE R 2 AU E
TEpNT=D | FHEM]S \Z‘ﬁ%{ﬁﬂibf&b\fﬁﬁb\é M
TEDHAET <~ DN AHBRE AR VWD [8], AT~
VOIBENFABIREIILL FTOX TELZEN TES, HEAR
Xi(Iy) DNANLZE Ry AR Yi(Iyorm) PNEMLZ S; &
L&

b = YR — Eo(R)IS; — Eo(S))} )
T VMR, — Eo(ROY T3S, — Eo(SD Y
ZDOFERD Fig. 11 ThD, ZNZEID Varistor Dl
I, OFEDOFBICITIESSE N HH5, LTy > 0T
Y. varistorl, 2, 3, 4 IZFTHWIEOFAREIR ABND, Fi=.
% Inormqu@*af%ﬂ:%ggb\ﬂz@j:ﬁ BN ZAHND,

- 985 -



Proceedings of the 21st Annual Meeting of Particle Accelerator Society of Japan
July 31 - August 3, 2024, Yamagata

PASJ2024 FRPO0SS8

WEITIE, ZOMBEPBANDE DA R
HTHOD T EEREZD,

42 FHIY TN UHETEICLSE B
FEARICIER B EREZE TERWZD, T4 7Y U
N UHEE R W ) NT AN I [EE BT, S NT
AR 27 [Al)E% varistor] 2OV TITo =S LD ik E
% Figs. 12, 13 ICENEIRT, ZORE, Ligrm &1, (D)IZ
UTORTEHESNIZHDTHY ., Ega ), shtEy

HEEL T

fmAEEL T,
I,(Standardized) = (I, — Eo(1,)) /Slq 6)
Lyorm (1) (Standardized)
= (norm () = EoUnorm (D)) /Styprmey @)
LRIND, FIFET VI,
y= m(x) (8)

EET L YR BEm () OHEE B, Liorm IR HEIL LT

Lyorm of 5 varistors

1.01

1.00

0.99 A

0.98

norm

=~ 097

0.96

0.95

0.94

A AV
v

INA AT

Ateia A AN

e ,\/‘\.‘ .-‘J .

V\/ww\ ,\/w N

. “u

A

{-\_‘//\& "N/\

- "’1 A
V

Vv i,’\z

varistorl
varistor2
varistor3
-— varistord
varistor5

5

10 15 20

quench event

25 30

3% quench event

Figure 9: I,,,m of each quench event.
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Figure 11: Correlation between I,5,, and ;.
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