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Quench Behavior of 18-mm-period, 1.1-m-long 
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Ab,tract-A nonl Nb,Sn-based snperconducting undulator 
(SCU) wa.s dtl0eloped and integrated into the Advanced Photon 
Source (APS) at Argonne National Laboratory. The SCU achiend 
use1· operation uithin an accelerator en,ironmtnt. Compared to 
its Nb-Ti counterpart, the Nb,Sn SCU opentes at substantially 
highel" cunents. Thus, a detailed experimental e,•aluation of tbt 
SCU magnt.ts' performance was nt.ct.ssny under both "11'd" and 
indirectly cooled conditions to ensure. its reliability during opera­
tion. Our study indicated that the cooling method has a noticeable 
inffuenc.e on the magnet's behuior. Spe.cifiully, energy dissipa­
tion in the magnt.ts during quenchts was obsern-d to be greater 
unde1· indirect cooling than with "11'd" cooling. This inn•.stig:ation 
pro,ided insights into the safe operational limits. Guided by these 
insights the. mon challenging high-current te.sts 11'tl't. suc.ce-ssfully 
urried out at the end of the user pha.se. The SCU achieved the 
design undulator field of 1.17T at 820A and 4.2K, llith a magnetic 
gap of 9.5 mm and a period of 18 mm. Actual pt1-fo1'11lance ex­
ceeded the spe.cifiutions, reaching 850A. 

Index Terms-Nb3Sn, superconducting undulator, SCU, stability, 
magne-t de-sign, quench energy, dissipations, quench back, losses 

I. INTRODUCTION

T
HE Advanced Photon Source (APS) at Argonne National
Laboratoty has marked a milestone by successfully de­

ploying the Nb3Sn superconducting undulator (SCU) in its stor­
age ring. This innovative device was in use throughout the last 
APS run prior to the storage ring upgrade. To the best of our 
knowledge, this stands as the sole Nb3Sn accelerator magnet 
functioning in a real accelerator context. 

The project primarily aimed at developing technology for 
fabricating Nb3Sn SCUs, demonstrating an increase in the un­
dulator field compared to Nb Ti SCUs. This paper will partiCII­
Jarly concentrate on the quench analysis of the Nb iSn SCU 
magnets, which played a crucial role in ensuring that they con­
sistently delivered the expected perfonnance and functioned re­
liably without issues during the user run. 
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TABLE! 
NB.SN SCU SPECIFICATIONli 

Parameten Value 

Design max. unduhtor field 1.17 T 
Magne6c Length I.I m

Design maximum current 820 A(~ 70% of IJ 
Magnetic gap 9 .5 mm 

Number of tums in a coil pack 46 
Number of periods 59 .5 

Groove mdfh aod depth 5.35 mm aod 5 mm 
Period lmgth 18 mm 

Superconductor and non4 Cu fraction RRP 1441169 and-4S-/4 
Wire diameter and insulation thickness 0.6 mm and 65 te 

The high operating current density of the NbiSn SCU re­
quires an advanced quench detection and protection system 
(QDPS). An active protection method was conceived in collab­
oration with Lawrence Berkeley National Laboratoty [I]. 

Simulating quench events is challenging, given the difficulty 
in pinpointing accurate material properties. The rapid current 
decay time constant ofSCU magnets sets them apart from many 
other SC magnet variants. The fast decay with the resulting 
dB/di leads to large dynamic losses, which not only facilitate 
quench distribution but also complicate simulations. This pro­
cess generally is called «quench-back (QB) effect". While sim­
ulations provide guidance for the quench protection system, the 
bedrock of our safety strategy is empirical quench analyses. The 
following sections provide some details on the magnet fabrica­
tion and an in-<lepth examination of the quench behaviors of the 
1.1-m-long Nb3Sn SCU magnets under two different cooling 
configurations. 

IT. FABRICATION OF 1.I-M-LONGNB3SN SCUMAGNEI' 

Table I presents a summaJY of the Nb3Sn SCU parameters. 
Further insights on the fabrication steps can be found in (2-7]. 
The design is based on the APS's previous SCU versions (2, 8, 
9]. The magnets were wound in ANL and transported to Fer­
milab to be heat treated (Hl), then transported back to ANL for 
the following fabrication and characterizations steps. The HT 
cycle was optimized through several small prototypes (5, 7, JO) 
to suppress flux jump instabilities. 
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A.  C oil -t o-Gr o u n d I n s ul ati o n –  Al 2 O 3  Pl a s m a S p r a y i n g 

D uri n g q u e n c h e v e nts, hi g h v olt a g es aris e, a n d a c oil -t o-
gr o u n d i n s ul ati o n is i nt e gr al t o pr e v e nt di el e ctri c br e a k d o w n s. 
H o w e v er, t h e H T pr o c e ss c o n si d er a bl y r estri cts t h e s el e cti o n of 
m at eri als.  

T h e Al 2 O 3  pl as m a s pr a yi n g pr o c e ss, a fr e q u e ntl y u s e d c o at-
i n g t e c h ni q u e i n a er o s p a c e a p pli c ati o n s, w as c h o s e n t o c o at t h e 
m a g n et l o w c ar b o n st e el ( L C S) c or es. T his t e c h ni q u e g e n er at es 
a pl as m a z o n e, t hr o u g h w hi c h Al 2 O 3  p o w d er s ar e pr o p ell e d, a d-
h eri n g t o  t h e t ar g et e d s urf a c e. D u e t o t h e i n h er e nt r a n d o m n ess 
of t his m et h o d, t h e r es ulti n g c o ati n g s oft e n e x hi bit n o n -u nif or m 
t hi c k n ess. Fi g. 1 pr es e nts a cr o ss-s e cti o n of t h e c o at e d L C S 
c or e , ill ustr ati n g t h e v ari ati o ns i n t hi c k n ess. T h es e diff er e n c e s 
c a n b e s u b st a nti al, r a n gi n g fr o m 7 0 µ m t o 3 5 0 µ m. Vis u al i n-
s p e cti o n s of t h e c o ati n g f urt h er r e v e al e d si g nifi c a nt c o ntr asts. It 
b e c a m e c h all e n gi n g t o as c ert ai n w h et h er d ar k er ar e a s w er e u n-
c o at e d or m er el y h a d a n e xtr e m el y t hi n l a y er, p arti c ul arl y si n c e 
t h e Al2 O 3  l a y er c a n a p p e ar tr a ns p ar e nt. D es pit e c o n si d er a bl e ef-
f orts t o o pti mi z e a n d a c hi e v e a m or e u nif or m r es ult, t h e fi n al 
c o ati n g s r e m ai n e d l ess c o n sist e nt t h a n d esir e d.   

S u c h i n c o n sist e n c y i n t h e c o ati n g t hi c k n ess e m er g e d as a pri-
m ar y c o ntri b ut or t o t h e m a g n et f ailur e. F or q u alit y c o ntr ol p ur-
p o s es, w e c o n sist e ntl y m o nit or e d t h e c oil -t o-gr o u n d r esist a n c e. 
Aft er t h e wi n di n g, t his r esist a n c e w as v er y hi g h, b asi c all y i nfi-
nit e . H o w e v er, p o st-H T, t h e r esist a n c e r e a di n g s w er e n ot a bl y 
l o w er, i. e., i n t h e k Ω r a n g e . W e n oti c ed t h at t h e r esist a n c e gr a d-
u all y i n cr e a s es as t h e m a g n ets c o ol i n g d o w n a n d d e cr e a s es 
u p o n w ar mi n g  u p , a c h ar a ct eristi c r e mi nis c e nt of s e mi c o n d u c-
t or b e h a vi or. R esi d u e s fr o m t h e or g a ni c bi n d er m at eri al i n t h e 
br ai d e d i n s ul ati o n  ar e t h e m o st li k el y r e a s o n f or t his b e h a vi or. 
W e ar e c urr e ntl y i n v esti g ati n g a m or e effi ci e nt r e m o v al m et h o d 
f or t h es e r esi d u es d uri n g t h e H T  pr o c e ss .   

III. R E S U L T S A N D D I S C U S SI O N S 

A.  I n di vi d u al M a g n et Tr ai ni n g  

B ef or e e v al u ati n g t h e m a g n ets i n t h e u n d ul at or s et u p, e a c h 
m a g n et w as i n di vi d u all y pl a c e d i n si d e a v erti c al cr y o st at a n d 
c o ol e d t o 1 9 0 K u si n g li q ui d nitr o g e n i n t h e o ut er j a c k et. T h e 
ass e m bl y w as t h e n f urt h er c o ol e d  t o li q ui d h eli u m ( L H e) t e m-
p er at ur e b y t r a n sf erri n g L H e  t o t h e i n n er r es er v oir.  

M a g n et tr ai ni n g at L H e t e m p er at ur e is ill ustr at e d i n Fi g. 2. 
B ot h m a g n ets s h o w si mil ar tr ai ni n g b e h a vi or. T h e p e a k tr ai ni n g 
c urr e nts f or i n di vi d u al m a g n ets r e a c h e d t o 9 3 6 A f or M 1  ( M a g-
n et 1) a n d 9 0 5 A f or M 2 ( M a g n et 2) i n t h e first c o ol d o w n. T h e 
m a g n ets u n d er w e nt s u b s e q u e nt c o oli n g c y cl es a n d a c hi e v e d 
t h eir m a xi m u m d esi g n c urr e nt wit h o ut n e e di n g a d diti o n al tr ai n-
i n g, r e a c hi n g 9 6 0 A f or M 1 a n d 9 2 0 A f or M 2. T h e s a m e fi g ur e 
als o pr es e nts t h e s h ort s a m pl e li mit s ( SS Ls)  f or t h e t w o m a g n ets 
c al c ul at e d b as e d o n wit n ess s a m pl e d at a , d e pi cti n g t h e p ot e nti al 
f or f urt h er p erf or m a n c e e n h a n c e m e nt f or b ot h m a g n ets. T h e  
S S L  f or M 1 ( 1 1 6 0 A) is s m all er t h a n t h at f or M 2 (1 2 0 4 A ). T h e 
m e a s ur e d r esi d u al r esisti vit y r ati o s ( R R R s) fr o m  t h e s h ort s a m-
pl es als o diff er, b ei n g 8 2 f or M 1 a n d 1 1 7 f or M 2.  

B.  M a g n et C o oli n g S c h e m e s  –  L H e B at h & I n dir e ct C o oli n g   

T h e N b 3 S n S C U m a g n ets w er e t est e d  i n t w o disti n ct c o nfi g-
ur ati o n s: i n a v erti c al L H e b at h cr y o st at ( dir e ctl y c o ol e d b y a 
li q ui d h eli u m b at h), a n d i n a n i n dir e ctl y c o ol e d h ori z o nt al cr y-
o st at. I n t h e i n dir e ct c o oli n g m et h o d, a s p e cifi c all y d esi g n e d 
c e ntr al c o oli n g c h a n n el, drill e d i nt o t h e m a g n et, w as fill e d wit h 
L H e , f a cilit ati n g t h e c o oli n g of t h e m a g n et wi n di n g s fr o m 
wit hi n.  T h e eff e ct of c o oli n g s c h e m e is dis c u ss e d b el o w.  

C.  M a g n et V olt a g e A n al ysis  

Aft er i n di vi d u al q u e n c h tr ai ni n g, t h e m a g n ets w er e ass e m-
bl e d i nt o a n u n d ul at or c o nfi g ur ati o n a n d f urt h er t est e d . T h e as-
s e m bl y w as c h ar g e d t o 8 0 0 A wit h o ut r e q uiri n g a d diti o n al tr ai n-
i n g. D uri n g q u e n c h m e a s ur e m e nts , artifi ci al q u e n c h es w er e i n-
d u c e d,  t h e q u e n c h d et e cti o n s y st e m w as m a n u all y tri g g er e d, 
a n d t h e c urr e nt -v olt a g e d y n a mi cs c a pt ur e d. T his a p pr o a c h f a-
cilit at e d a m or e r efi n e d c o m p ari s o n b et w e e n t h e m a g n ets.  T h e 
b e h a vi or of t h e u n d ul at or m a g n ets  w as n ot u nif or m as it w as 
m ar k e d b y v olt a g e d e vi ati o n s  b et w e e n M 1  a n d M 2  i n Fi g 3. 
T his n o n -u nif or mit y b e c a m e e vi d e nt w h e n d y n a mi c l o ss es 
c a u s e d t h e S C  v ol u m e t o tr a n siti o n i nt o a n o n - S C st at e , l e a di n g 
t o a n i n cr e a s e i n i nt er n al r esist a n c e. M o st of  t h e st or e d e n er g y 
is dissi p at e d  i nt o t h e m a g n et wit h t h e l o w er Ic  a n d l o w er R R R.  

T h e m a g n et b e h a vi or s d e p e n d  o n t h e c o oli n g s c h e m es. I n di-
r e ct c o oli n g e x a c er b at e d t h e n o n-u nif or m b e h a vi or, as it a c c el-
er at e d  q u e n c h pr o p a g ati o n. As a r e s ult, v olt a g e d e vi ati o n s  b e-
t w e e n t h e m a g n ets b e c a m e m or e e vi d e nt, a n eff e ct ill ustr at e d i n 

 
 

 
 

Fi g 1.  O pti c al mi cr o s c o p e i m a g e of t h e Al 2 O 3  pl a s m a -s pr a y e d gr o o v e , 
di s pl a yi n g v ar yi n g di m e n si o n s a cr o ss diff er e nt r e gi o n s. T hi c k n ess 
m e a s ur e m e nt s r a n g e fr o m a s t hi n a s 7 0  µ m t o a s t hi c k a s 3 5 0  µ m.  

 

        
 

 

Fi g 2 . Tr ai ni n g pr ofil e s f or M 1 a n d M 2  wit h c o m p aris o n of t h e ir r es p e cti v e 
s h ort s a m pl e li mit s. I n di vi d u al m a g n et s w er e tr ai n e d u p t o 90 5  f or M 2 a n d 
9 3 6 A f or M 1 , r e s p e cti v el y i n t h e first c o ol d o w n. 
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Fi g. 3. T h e Q B eff e ct i n t h e i n dir e ctl y c o ol e d s et u p st art e d  a b o ut 
2 m s e arli er . T his e arli er o n s et of t h e Q B  eff e ct c a u s es gr e at er 
e n er g y dissi p ati o n i n t h e m a g n ets  a n d l ess e xtr a cti o n b y t h e 
d u m p r esist or s, as will b e e x pl ai n e d l at er i n t his s e cti o n. T h e 
fi g ur e als o d e pi cts t h e c orr es p o n di n g c urr e nt d e c a ys. I n a n i n-
dir e ctl y c o ol e d c o nfi g ur ati o n, c urr e nt d e c a y s m or e s wiftl y.   

C o m bi n e d wit h t h e u n e v e n t hi c k n ess of t h e gr o u n d i n s ul a-
ti o n, t h es e o b s er v ati o n s i nf or m e d t h e d e cisi o n t o s et a m a xi-
m u m o p er ati o n al c urr e nt li mit of 7 0 0 A  ( 1. 0 4 T) d uri n g st a n d ar d 
r u n s, k e e pi n g hi g h er c urr e nt t ests f or t h e e n d of t h e u s er r u n. 
Aft er t hr e e m o nt h s of st a bl e o p er ati o n, t h e m a g n ets w er e t est e d 
b e y o n d t h e c urr e nt t hr es h ol d  u p t o 8 5 0 A , c o nfir mi n g t h eir o pti-
m al p erf or m a n c e. R e a c hi n g t his c urr e nt l e v el  n e c essit at e d o nl y 
t w o q u e n c h es. A d diti o n al i nt e nti o n al q u e n c h es w er e i ntr o d u c e d 
fr o m t h es e hi g h c urr e nt l e v els, w hi c h di d n ot c o m pr o mis e  t h e 
e -b e a m st a bilit y  a n d di d n ot i ntr o d u c e a n y b e a m l o ss . M a g n ets 
st a bl y o p er at e d at t his hi g h c urr e nt l e v el wit h t h e r e g ul ar o p er-
ati o n al b e a m c urr e nt of 1 0 0  m A .  

D.  H ot S p ot T e m p er at u r e  

D uri n g a q u e n c h, a l o c ali z e d r e gi o n, t er m e d t h e “ h ot s p ot ”  
( H S), e x p eri e n c ed  a r a pi d t e m p er at ur e ris e. T h e t e m p er at ur e of 
t his r e gi o n c a n b e c o m p ut e d a di a b ati c all y b y i nt e gr ati n g I2  o v er 
ti m e u si n g t e m p er at ur e-d e p e n d e nt m at eri al pr o p erti es . T h e c al-
c ul at e d H S  t e m p er at ur es u si n g t his m et h o d  ar e pr o vi d e d i n 

Fi g.  4. T h es e c o m p ut ati o n s a c c o u nt f or a 2 -m s d et e cti o n ti m e. 
T h e t ar g et t e m p er at ur e is t o k e e p it b el o w t h e s af e li mit of 
3 0 0  K.  

Si mil ar  t o t h e o b s er v e d v olt a g e pr ofil es, t h e c al c ul at e d H S  
t e m p er at ur es e x hi bit v ari a n c es c o nti n g e nt u p o n t h e e m pl o y e d 
c o oli n g m et h o d ol o gi es. T h es e dis cr e p a n ci es ar e p arti c ul arl y 
e m p h asi z e d  at el e v at e d c urr e nt s, i. e., l ar g er t h a n 6 0 0 A, w h er e 
Q B  eff e cts ar e pr o n o u n c e d. I n t h e c a s e of i n dir e ctl y c o ol e d 
m a g n ets, t h e H S t e m p er at ur es t e n d t o b e l o w er d u e t o  e arli er 
st art of t h e Q B  a n d t h e f ast er q u e n c h pr o p a g ati o n.   

E.  E n er g y Dissi p ati o n s –  M a g n ets  a n d R esist o r  & V a rist o r  

D uri n g t h e el e ctr o m a g n eti c t ests of t h e m a g n ets, t h e c urr e nt -
d e p e n d e nt i n d u ct a n c e , L (I), w as m e a s ur e d. T h e e n er g y d e p o s-
it e d o n t h e r esist or/ v arist or c a n b e d et er mi n e d b y i nt e gr ati n g t h e 
pr o d u ct of V (t) a n d I(t) wit h r es p e ct t o ti m e. T h e st or e d e n er g y 
c a n b e c al c ul at e d  fr o m t h e f or m ul a L (I) I(t)2 / 2. 

As s e e n i n Fi g. 7 , ap pr o xi m at el y 4 0 % of t h e t ot al st or e d e n-
er g y is e xtr a ct e d t hr o u g h t h e r esist or / v arist or cir c uit at a n 8 0 0 A 
l e v el. T h e d u m p r esist or h as a v al u e of 0. 5 6 O h m s. T h e b e h a v-
i or of t h e v arist or (I v s. V c ur v e) is c urr e nt d e p e n d e nt a n d is 
s h o w n i n Fi g. 5. W e a dj u st e d t h e v arist or v al u e t o i n cr e a s e r e-
sist a n c e r a pi dl y u p t o a n i nt er m e di at e c urr e nt of 7 0 0 A, aft er 
w hi c h it i n cr e a s es m or e sl o wl y. T his is b e c a u s e t h e d y n a mi c 
l o ss es c o ntri b ut e t o t h e m a g n et r esist a n c e at hi g h er c urr e nts, 
a n d t h e o v er all s y st e m p o ss es s es a r el ati v el y hi g h er r esist a n c e 
at c urr e nt l e v els gr e at er t h a n 7 0 0 A. H o w e v er, t his eff e ct  is l ess 
pr o n o u n c e d at i nt er m e di at e c urr e nt l e v els ( 5 0 0 -7 0 0 A), n e c essi-
t ati n g hi g h er r esist a n c e v al u es. Usi n g a li n e ar r esist or w o ul d 
c a u s e t h e v olt a g e t o ris e si g nifi c a ntl y at hi g h er c urr e nts , p ot e n-
ti all y l e a di n g t o i n s ul ati o n f ail ur e. T h e v arist or is i nt e gr at e d t o 
miti g at e t his. H o w e v er, t h e c al c ul at e d v arist or v al u es w er e i n-
s uffi ci e nt, s o w e h a d t o p air it wit h a li n e ar r esist or i n s eri es . 

F.  Pr ess u r e A n al ysi s  i n t h e L H e R es er v oir   

F or a s y st e m c o nt ai ni n g a s at ur at e d li q ui d -v a p or mi xt ur e, t h e 
t ot al e n er g y (E ) c a n b e d et er mi n e d b y c o n si d eri n g t h e e n er g y of 
b ot h t h e li q ui d a n d v a p or p h as es. T h e v ol u m e is 10 0 lit ers , 
w hi c h  r e m ai n s c o n st a nt a n d e n c o m p ass es b ot h li q ui d, 2 3. 5 li-
t er s, a n d v a p or at 7 5 5  T orr .  

 
 

Fi g. 3.  V olt a g e pr ofil e s (l eft) a n d c urr e nt d e c a y s (ri g ht) o b s er v e d d uri n g a 
q u e n c h  i n t h e t w o diff er e nt c o oli n g s c h e m es. P oi nt s w h er e t h e q u e n c h -b a c k 
( Q B) eff e ct st art s ar e als o di s pl a y e d. “ V ” r e pr e s e nt s r e s ult s f or t h e v erti c al t est s 
( L H e b at h), w hil e “ H ” d e n ot e s h ori z o nt al t e st s (i n dir e ctl y c o ol e d).   
 

 

 
 

Fi g. 5.  V ari st or v olt a g e at diff er e nt c urr e nt s. R e si st a n c e i n cr e a s e i s r a pi d u p 
t o 6 0 0 A, a n d t h e n it sl o ws d o w n .  
 

 
 

Fi g . 4. C al c ul at e d h ot s p ot t e m p er at ur e v ers u s c urr e nt f or t h e t w o diff er e nt 
c o oli n g s c h e m e s. I n dir e ct c o oli n g c a u s es f a st er c urr e nt d e c a y a n d l o w ers 
t h e t e m p er at ur e s.  
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T h e q u alit y x 1 , w hi c h r e pr es e nts t h e m ass r ati o of t h e v a p or 
gi v e n b y m v a p or  / (m v a p or  +  m li q ui d), c a n b e u s e d t o fi n d t h e i niti al 
s p e cifi c i nt er n al e n er g y of t h e mi xt ur e:   

u 1 = u f 1(1 − x 1 ) +  u g 1 x 1 , 
w h er e u f is t h e s p e cifi c i nt er n al e n er g y of t h e s at ur at e d li q ui d 
a n d u g  is t h e s p e cifi c i nt er n al e n er g y of t h e s at ur at e d v a p or 

Si mil arl y, u si n g t h e q u alit y x 2  f or t h e fi n al st at e, t h e fi n al s p e-
cifi c i nt er n al e n er g y c a n b e d et er mi n e d as:  

u 2 = u f 2(1 − x 2 ) +  u g 2 x 2 . 
F or a s y st e m wit h m ass m , t h e e n er g y c h a n g e Δ E  is: 

Δ E = m (u 2 − u 1 ). 
T his f or m ul a ass u m es t h at t h e o nl y f or m of e n er g y b ei n g c o n-

si d er e d is i nt er n al e n er g y, n e gl e cti n g ot h er f or m s.  
T h e pr ess ur e i n cr e a s e i n si d e t h e L H e r es er v oir d uri n g a 

q u e n c h is r e c or d e d u si n g a pr ess ur e tr a n s d u c er, as s h o w n i n 
Fi g.  6  (ri g ht a xis), al o n g si d e t h e S C U's o p er ati n g c urr e nt o n t h e 
l eft a xis wit h a m a xi m u m of 8 5 0 A  j u st b ef or e t h e i niti ati o n of 
t h e i nt e ntio n al q u e n c h . T h e p e a k o b s er v e d pr ess ur e r e a c h es 9 5 0 
T orr  ri g ht aft er t h e q u e n c h. At t his p oi nt, t h e li q ui d is i n a s u b-
c o ol e d st at e, a n d t h e v a p or is s u p er h e at e d. T h e pr ess ur e gr a d u-
all y r e c e d es t o its b as eli n e wit hi n a n h o ur, f a cilit at e d b y t h e r e -
c o n d e n s a ti o n of t h e v a p or d u e t o c o oli n g eff e cts pr o vi d e d b y 
t h e cr y o c o ol er s. 

 T h e H E P A K E x c el a d d -i n w as u s e d f or c al c ul ati n g t h e t h er-
m o p h y si c al pr o p erti es of h eli u m . Gi v e n t h e o b s er v e d pr ess ur e 
ris e d uri n g a q u e n c h, t h e e n er g y r e q uir e d t o el e v at e t h e pr ess ur e 
t o t his l e v el c a n b e f o u n d. I n Fi g. 7, b ott o m , t h e c o m p ut e d e n-
er g y v al u es  c all e d L H e Dissi p ati o n  (r e pr es e nt e d b y r e d cir cl es) 
ar e c o m p ar e d  wit h r es ults fr o m t h e v al u es c o m p ut e d fr o m t h e 
el e ctri c al cir c uit a n al y sis  (ill ustr at e d b y a d as h e d d ar k bl u e 
c ur v e s). B ot h s ets of c al c ul ati o n s  ar e i n p erf e ct a gr e e m e nt  a n d 
r e pr es e nt t h e e n er g y dissi p at e d i nt o t h e m a g n ets . T h e s a m e 
a n al y sis is n ot p o ssi bl e i n t h e L H e b at h c o oli n g  c a s e  si n c e t h e 
H e v a p or is n ot c oll e ct e d .   

I n Fi g. 7, t h e e n er g y dissi p ati o n i nt o t h e r esist or/ varist or 
( c all e d e xtr a ct e d b y R es. + V ar. ) a n d t h e m a g n et s ar e als o d e-
pi ct e d wit h t h e L H e b at h c o oli n g c a s e at t h e t o p a n d t h e i n di-
r e ctl y c o ol e d c a s e at t h e b ott o m. As a nti ci p at e d, t h e t ot al st or e d 
e n er g y is c o n sist e nt i n b ot h sit u ati o n s  as i n d u ct a n c e d o es n ot 
c h a n g e wit h diff er e nt c o oli n g t y p e. H o w e v er, e n er g y dissi p a-
ti o n s i nt o t h e m a g n ets a n d  r esist or/ v arist or s h o w sli g ht diff er-
e n c e s at hi g h c urr e nt l e v els. N ot a bl y, t h e r esist or  a n d v arist or  i n 
t h e L H e b at h c o ol e d c o nfi g ur ati o n e xtr a cts m or e e n er g y , 4 6 %  

v s 3 9 % i n t h e i n dir e ctl y c o ol e d c a s e  at o p er ati n g c urr e nt s 
ar o u n d 8 0 0 A .  

I V. C O N C L U SI O N  

A n o v el N b 3 S n S C U wit h a m a g n eti c g a p of 9. 5 m m a n d a 
p eri o d of 1 8 m m w as f a bri c at e d, i n st all e d a n d o p er at e d at t h e 
A P S . E x p eri m e nt al q u e n c h a n al y sis of t h e N b 3 S n S C U m a g n ets 
w as o n e of t h e k e y f a ct or s t h at c o ntri b ut e d t o t h e s u c c essf ul o p-
er ati o n of t h e N b 3 S n S C U . T h e m a g n et q u e n c h b e h a vi or, o b-
s er v e d d uri n g t esti n g, e x hi bit e d sli g ht v ari ati o n s b as e d o n t h e 
c h o s e n c o oli n g s c h e m e.  Q u e n c h e n er g y esti m at es fr o m v olt a g e -
c urr e nt  a n al y sis w er e c o n sist e nt wit h v al u es fr o m pr ess ur e a n al-
y sis  i n t h e L H e t a n k. It w as i d e ntifi e d t h at o n e m a g n et a b s or b s 
hi g h er e n er g y d uri n g a q u e n c h, a c o n diti o n t h at w as f urt h er e x-
a c er b at e d b y i n dir e ct c o oli n g. N o n -h o m o g e n e o u s m a g n et b e-
h a vi or, c o m bi n e d  wit h  a n o n -c o n sist e nt c oil -t o-gr o u n d i n s ul a-
ti o n t hi c k n ess, p o s es a ris k of di el e ctri c br e a k d o w n, a n d a d e ci-
si o n w as m a d e t o p o st p o n e t h e hi g h -c urr e nt t esti n g t o t h e e n d 
of t h e u s er r u n. T h e n, t h es e t ests w er e c o n cl u d e d s u c c essf ull y,  
a n d t h e d e vi c e s ur p ass e d t h e a nti ci p at e d d esi g n p erf or m a n c e . 

A C K N O W L E D G M E N T S  

T h e a ut h or s w o ul d li k e t o t h a n k m e m b er s of t h e A S D , A E S 
a n d X S D  t e a m s of t h e A P S f or t e c h ni c al a n d d esi g n s u p p ort; 
t h e F er mil a b t e a m f or t h e H T st u di es f or o pti mi zi n g t h e sta bilit y 
of t h e N b 3 S n wir e, H T s of t h e m a g n ets, a n d m e a s ur e m e nts of 
t h e s h ort s a m pl e li mits; a n d t h e L B N L t e a m f or q u e n c h si m ul a-
ti o n s, d esi g n, a n d f a bri c ati o n of t h e Q D P S .  

 

 

 
Fi g 6.  T h e c urr e nt (l eft) i s at 8 5 0 A j ust pri or t o t h e o n s et of t h e q u e n c h. T h e 
pr e ss ur e (ri g ht) s wiftl y ri s es t o 9 5 0 T orr a n d t h e n gr a d u all y r et ur n s t o t h e 
r e g ul ar o p er ati n g pr e ss ur e  wit hi n a n h o ur . 

  
 

Fi g 7.  E n er g y di ssi p ati o n s d uri n g q u e n c h e s  fr o m v ari o u s c urr e nt l e v el s. T h e 
t o p pl ot di s pl a y s r e s ult s f or L H e b at h t e sts ( w et), w hil e t h e b ott o m pl ot 
r e pr e s e nt s t h e i n dir e ctl y c o ol e d c o nfi g ur ati o n. I n b ot h s c e n ari o s, t h e m aj orit y 
of t h e st or e d e n er g y i s e xtr a ct e d vi a  r e si st or/v ari s t or at l o w er c urr e nt l e v els 
w hil e r e d u ci n g gr a d u all y a s c urr e nt i n cr e a s es .  
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