
HIGH-C

M.Kor

Abstract 
At each in

low-resistanc
superconduct
current path 
surrounding 
[1]. About 
extensive ca
and map th
superconduct
no splices w
Non-invasive
made at 300
sectors. Mor
suspect interc
were repaire
imperfect st
statistical an
remaining w
maximum op
extensive int

Types of sp
The main 

two quadrup
splices in to
splices (Figu

Magnet sp
diodes and in
current decay
are not prote
with the tim
which is mu
circuit – betw
at 7 TeV). T
about 300 pΩ
resistance of 
17 μΩ for the

Individual 
methods. Un
measured is 
taps. A typic
or 3 splices, 
bus contains
superconduct
the splices b
Busbar exces
busbar min
superconduct

CURREN

ratzinos, F. 
R.Sc
R.H.

nterconnection
ce solder jo
ting cables in
through the 
copper stabil
10,000 such 
mpaign has b

he resistances
ting cable spli
ere found wit
e measuremen
0 K in 5 of th
re precise loca
connects that 
ed. However
tabilizer joint
nalysis is us

worst-case resi
perating energ
tervention [2].

SP

plices 
circuits of th

pole (RQ) per
otal. Out of 

ure 1) and the r
plices are pro
n case of a qu
ys in less than

ected by diode
me constant o
uch larger (an
ween 10 s for 
The nominal i
Ω at 1.9 K, w
f 16cm of copp
e RB and RQ 

splices are 
nder non-inv
a busbar seg

cal busbar seg
whereas a typ

s 8 splices. N
ting temperat

but also the re
ss resistance 
nus its no
ting temperatu

NT BUS S
THE OPE

Bertinelli, Z
chmidt,  A.S
.Flora, H.Pf

n between LH
oint must b
n order to pro
superconduct
izer in case t
joints exist 

been undertak
s of these j
ices were mea
th a resistance
nts of the sta
he 8 sectors, 
al measureme
were opened 

r, it is likel
ts still exist 
sed to place
istances. This
gy of the LHC
 

PLICES 

he LHC – one
r sector – con
these 10,170

rest are magn
otected by th
uench, heater
n a second. In
es and have to
of the energy
nd depends o
RQ at 3.5 TeV
interconnect s

whereas at roo
per stabilizer i
buses respect
measurable o
asive conditi

gment between
gment for the 
pical busbar s
Non-invasive 
tures measure
esistance of th

(REXC,BB) is t
ominal resi
ures. 

PLICE R
ERATIN

Z.Charifoul
Siemko, A.
feffer,  J.Str

HC main magn
e made bet
ovide a contin
tor and also t
the cable quen

in the LHC
ken to charact
oints. All of

asured at 1.9 K
e larger than 3
abilizer joints 

and at 80 K
ents were mad
up, and poor j
ly that addit

in the LH
e bounds on
 sets limits o
C, prior to a 

e dipole (RB
ntain about 24
0 are interco
et splices. 
he magnet by
rs are fired an
nterconnect sp
o withstand cu
y extraction c
on the energy
V and 100 s fo
splice resistan
om temperatur
is about 10 μΩ
tively.  
only with inv
ions what ca
n adjacent vo
RB bus conta
egment for th

methods at 
e the resistan
he busbar segm
the resistance
stance at 

RESISTAN
G ENER

lline, K.Dah
Verweij, CE

rait, Fermila

nets a 
tween 
nuous 
to the 
nches 

C. An 
terize 
f the 
K and 
3 nΩ. 
were 

K in 3 
de on 
joints 
tional 
C. A 

n the 
on the 

more 

) and 
4,000 
nnect 

ypass 
nd the 
plices 
urrent 
circuit 
y and 
or RB 
nce is 
re the 
Ω and 

vasive 
an be 
oltage 
ains 2 
he RQ 

non-
ce of 
ment. 

e of a 
non-

Figu
poor

Mea
M

the 
analy
accid
resis
prob
nom
meas
varie

Ca
prop
capa
the 
Resi
(16 
detec
1 mK
using

El
meas
whic
10 m

Us
splic
the m

Th
oper
serie
the 
segm
Rega

NCES AN
GY OF T

hlerup-Peter
ERN, Genev
ab, Batavia I

ure 1: (a) An in
r copper stabil

asurements 
Motivation for m

19 Septemb
ysis of a circu
dent yields the
stance at 1.9
blem. This is 

minal splice res
sure the resist
ety of ways: 
alorimetry [4

perties of heli
acity of the sy
resistive heat
stive power a
magnets, 350
cted using th
K/hour/W. RE
g this method
lectrical: W
surements usi
ch covers 6 ou

magnet splices
sing both met
ces were found
magnets were 
he enhanced
rational in 20
es of accurate 
above metho

ment REXC,SC w
arding magne

ND IMPL
THE LHC

rsen, R.Den
va, Switzer
IL 60510 U

nterconnect sp
lizer continuit

at cold 
measuring spl
ber 2008 ac
uit test perform
e value of 234
9 K (REXC,SC)

orders of m
sistance and h
tance of as ma

4]: taking b
ium, together 
ystem at 1.9 K
t released by

as low as 1 W 
0 t of cold m
his method. 

EXC,SC as low 
. 

We have al
ing the quenc
ut of 7 magne
 (RQ).  
thods, two sig
d, one 100 nΩ
replaced. 

d QPS (nQP
009/2010. Op
voltmeters, it
ds, especially
where the acc
et splice res

LICATION
C 

nz, C. Scheu
land. 

U.S.A.

plice and (b) a
ty (2D projecti

lice resistance
ccident. The 
med a few da
4±15 nΩ [3] f
) in the vic

magnitude hig
has prompted a
any splices as

benefit of th
with the ver

K, it is possib
y a high-resis
in one cryoge

mass, 250 m 
The temper

as 40 nΩ can

lso performe
h protection s

et splices (RB)

gnificant REXC
Ω and the othe

PS) system 
perateed esse
t has a better a
y when meas
curacy is bette
sistances no 

NS FOR 

uerlein, 

an example of 
ion). 

es comes from
calorimetric

ays before the
for the excess
cinity of the
gher than the
a campaign to
s possible in a

he superfluid
ry small heat
le to measure
stance splice.
enic subsector
long) can be

rature rise is
n be detected

ed (ad-hoc)
system (QPS)
) and 6 out of

C,SC in magnet
er 50 nΩ, and

[5] became
entially as a
accuracy than
suring busbar
er than 1 nΩ.
value above

f

m 
c 
e 
s 
e 
e 
o 
a 

d 
t 
e 
. 
r 
e 
s 
d 

) 
) 
f 

t 
d 

e 
a 
n 
r 
. 
e 

Proceedings of IPAC’10, Kyoto, Japan MOPEB044

07 Accelerator Technology

T10 Superconducting Magnets 373



25 nΩ has 
resistances, 
anywhere in
seen is 2.99±
couple of REX

REXC,SC of
operation; ho
or a problem
result in a hig

Measureme
temperatur

A copper 
superconduct
(Figure 1) lim
[6]. Such a 
higher than n
resistance is 
300 K for the
the RB busb
good knowle
copper stabil
on the limit 
80 K is very 
the resistance
resistance of
to measure. 
change in the
of an increas
by increasing
50 μΩ, wher
RRRCS incre

Table 1: Fa

Busbar 
segment 

Typ
re
(μ

RB@ 
300K 20

RQ@ 
300K 11

RB@ 
80K 2

RQ@ 
80K 15

 
 A substa

resistances w
2009 [1]. 
measurement
hand-held de

The overa
on the sector
RQ at roo
respectively)
4-5.5 μΩ for

been found, 
no REXC,SC 

n the machine
±0.02 nΩ (RQ
XC,SC above 2 

f a few nΩ po
owever it mig
m with the s
gh REXC,BB. 

ents at non-
res  – non-in

stabilizer wi
ting cable ba
mits the maxim

bad joint m
nominal resist

challenging, 
e RB bus bein
ar segment re
edge of the te
lizer (RRRCS)
of accuracy, 
difficult. Tab

e measured at
f a segment an
Column 4 sh
e segment by 
se in the cross
g the width a
reas the last c
asing from 10

actors affectin

pical 
esis. 
μΩ) 

Typical 
defect 
(μΩ) 

000 50 
(2.5%) 

000 50 
(0.5%) 

270 7 
(2.5%) 

500 7   
(0.5%) 

antial effort 
was undertaken

Measuremen
ts) were take

evice in the tun
all analysis ac
r) of 9-17 μΩ 
om temperatu
) whereas at 8
r the RB and

whereas for
above 3 nΩ

e. The highes
Q circuit, secto

nΩ. 
oses no probl
ght suggest a 
soldering pro

-supercondu
nvasive 
ith no contin
adly soldered
mum safe ene
anifests itself
ance at warm
with only th

ng relatively ea
esistances at 8
emperature an
. Measuring t
whereas mea

ble 1 shows th
t warm, togeth
nd of a defect
ows the effec
1 K. Column 

s section of th
and the height
column show
00 to 150. 

ng segment res

Temp. 
change 
+1 K 

X
c

7 
(0.4%) 

40 
(0.4%) 

8 
(2.9%) 

44 
(2.9%) 

to map all 
n during the p
nts (referred
en manually 
nnel in all sec

chieved an ac
for the RB an
ure (about 
80 K the accu
d 6-12 μΩ for

r busbar seg
Ω has been 
st splice resis
or 23), with o

lems under no
structural pro

ocedure that c

uctive 

nuity coupled 
d to the stab
ergy of the ma
f as a splice 
. Measuring s

he measureme
asy. For meas
80 K we need
nd the RRR o
the RQ at 300
asuring the R
he factors affe
her with the ty
t that we are t
ct of a temper

5 shows the e
he copper stab
t of the copp
s the effect o

sistance at wa

Xsection 
change 

RR
cha

12 
(0.6%) (0.3

85 
(0.8%) 

4
(0.3

2 
(0.6%) (2.6

11 
(0.8%) 

4
(2.6

busbar seg
period April to
d to as B
using an acc

ctors.  
curacy (depen

nd 25-36 μΩ fo
0.7% and 

uracy was bet
r the RQ (2%

gment 
seen 

stance 
only a 

ormal 
oblem 
could 

to a 
bilizer 
chine 
with 

uch a 
ent at 
suring 
d very 
of the 
0 K is 
RQ at 
ecting 
ypical 
trying 
rature 
effect 

biliser 
er by 

of the 

arm 

RRCS 
ange 

7 
3%) 

40 
3%) 

7 
6%) 

40 
6%) 

gment 
o July 
Biddle 
curate 

nding 
or the 
0.3% 

tween 
% and 

0.7%
300 
80 K
and t
secto
in th
(whe
colum
secto
colum
10-1

T

Circu
Secto

A12 
A34 
A45 
A56 
A67 

Mea
In

indiv
inva
these
after
Bidd
was 
conti
high

Th
splic

Figu
resis
42 μ

Wor
Sin

exist

% respectively
K but was m

K.  Five secto
the worst spli
ors were meas
he RB of the 
ere accuracy 
mn shows the
or at the 90%
mn 4, as the m
7 μΩ. 

Table 2: recap 

uit/ 
or  

Temperat
spread (K

RB 1.1  
RB 1.9  
RB 0.9  
RB 0.4  
RB 0.6  

asurements 
 addition to t
vidual intercon
sively (referr
e were made f
r an indicatio
dle measureme
70μΩ, where
inuous RB b

hest R16 exces
he gamma-ray
ce interconnec

ure 2: The inte
stance. The si
μΩ (the other s

rst remainin
nce reliable in
ts only for par

y). This was s
marginal for t
ors were meas
ices were open
sured at 80K. T

sectors meas
is good) af

e estimated hig
% confidence 
measurement 

of RB Biddle 

ture 
K)  

REXC,BB 
spread 
(μΩ) 

13  
10  
17  
9  
14  

at warm – i
the Biddle m
nnect splices w

red to as R16
following an 
on of a high 
ents. The wor

e the average 
busbar is abo
ss resistance (R
y picture of 

ct can be seen 

erconnect wit
ide seen has 
side measured

ng splice  
nformation abo
rt of the mach

ufficient for t
the RQ and i
sured at room
ned up and re
Table 2 shows
sured at room
fter the repa
ghest excess r
level. This is
accuracy is o

measurement

Highest 
remaining 
REXC,BB( μΩ

37  
35  
53  
20  
31  

invasive 
measurements, 

were opened a
6 measuremen
opening of an

excess resis
st R16 resista
resistance of 
out 10 μΩ. T
REXC,R16) is  60
one side of 
in Figure 2. 

th the worst m
an absolute 

d at 28 μΩ).  

out the resista
hine, a statisti

the RB bus at
insufficient at

m temperature
epaired. Three
s the situation

m temperature
airs. The last
resistance in a
s higher than

of the order of

ts at 300 K 

Ω)  

REXC,BB 
90%CL 
(μΩ)    

51  
47  
78  
34  
48  

a number of
and measured
nts). Most of
n interconnect
stance by the
nce measured
a 16 cm-long

Therefore the
0 μΩ. 
that specific

measured R16
resistance of

ance of splices
ical method is

t 
t 
e 
e 
n 
e 
t 
a 
n 
f 

f 
d 
f 
t 
e 
d 
g 
e 

c 

6 
f 

s 
s 

MOPEB044 Proceedings of IPAC’10, Kyoto, Japan

374

07 Accelerator Technology

T10 Superconducting Magnets



needed to est
LHC, Rmax. 
the RB mea
measured RE

(sector A45)
repairs 53±1
is 60±1 μΩ
measurement
exponential f
number of sa
This fit pred
which these 
0.8 joints abo
is REXC,R16 > 

The next 
limits on wh
sample conta
in the mach
indication of
sufficient res
they provide
and for decid
sectors for th
measurement
the high-curr
sampling fra
maximum ex
90% confid
systematic ef
of the form o
giving an ov
from this an
derived, how
worst identif
superconduct
busbar segm
was used for
the LHC was

CONSTR
The safe e

worst splice 
concentrated
of the energy
calculations 
can be toler
=100) give [
τEE=15 s): 

• RB: 
• RQ: 

For 3.5 TeV 
• RB: 
• RQ: 

If the RRR
the above va

However, 
the 3.5 TeV l
such large d

timate the wo
The only rel

asurements at
EXC,BB before r
), whereas the
5 μΩ (again s

Ω. The cumul
ts can be seen
function, is c
amples above
dicts that the
data are a sa

ove 60 μΩ.  T
82 (106) μΩ. 
question is h
hat remains i
ains about 2.3
hine, they we
f the non-inva
solution in te
ed a meaningf
ding which int
he RB bus.  
ts represents 
rent joints in 
action leads 
xcess resistan
dence level: 
ffects were co
of the distribu
verall uncerta
nalysis of the
wever, is still 
fied failure mo
ting cable re

ment). Therefor
r subsequent d
s Rmax  ≈ 90 μΩ

RAINTS O
energy limit o
in the machin

d on one side o
y extraction (τ
of what is th

rated as a fun
[6]: For 5.0 Te

43 μΩ  
41 μΩ  
operation (RB
76 μΩ  
80 μΩ 

RCS is 200 ins
lues increase b
if the defect i
limits become
defects canno

orst possible sp
iable Biddle 

t 300 K (5 se
repairs for the
e worst rema
sector A45). T
lative distribu
n in Figure 3.
onstrained to 

e 20 μΩ, and 
e underlying 
ample, would,
The limit for 0

 
how to use th
in the machin
3% of the tota
ere selectively
asive measure

erms of REXC,R
ful basis for l
terconnects to
In this case t
about (1/3) x
the machine.
to the follow

nce for all m
Rmax,R16 = 

onsidered both
ution and the 
ainty to the c
e order of ±1
larger than th
ode (it would 
emained uns
re, a more rea

discussions on
Ω. 

ON THE LH
of the LHC is
ne and depend
of a splice, on
τEE ) and on th
he worst sing
nction of ene
eV operation 

B τEE=50 s, RQ

stead of the (
by 10 μΩ for 
is split on bot
e 120 μΩ and 
t be concentr

plice present a
measurement

ectors). The w
e RB is 74±1

aining REXC,BB

The worst RE
ution of the 
 The red curv
give the obse
fits the data 
distribution, 

, on average, 
.1 (0.01) bad j

hese data to 
ne.  Although
al number of j
y chosen afte
ements. These
R16 (~15 μΩ)
locating bad j

o open in 5 ou
the sample of
x (5/8) =~ 20
 This value o

wing value o
main circuits a

98 μΩ. Va
h in the estim
sampling frac

confidence bo
10 μΩ. The 
he resistance o
mean that 10c
oldered from
alistic value w

n the safe ener

HC ENERG
s a function o
s on if the def
n the time con
he RRRCS. Det
gle-side defect
ergy (using R

(RB τEE=75 s

Q τEE=10 s): 

(conservative)
both RB and 
th sides of a s
140 μΩ. In re

rated only on

at the 
ts are 
worst 

15 μΩ 
after 

EXC,R16 
R16 

ve, an 
erved 
well. 
from 
have 

joints 

place 
h the 
joints 
er an 
e had 
, that 
joints 

ut of 8 
f R16 
0% of 
of the 
of the 
at the 
arious 

mation 
ction, 
ounds 
value 
of the 
cm of 

m the 
which 
rgy of 

GY 
of the 
fect is 
nstant 
tailed 
t that 

RRRCS 
s, RQ 

) 100, 
RQ. 
splice 
eality 
n one 

side 
comp

Figu
splic

Th
inter
has b
of th
whic
of m
targe
were
statis
in th
accu
the L
poss

[1] 

[2] 

[3]

[4] 

[5]

[6]

of the splic
patible with 3

ure 3: The cum
ce excess resis

he splice re
rconnect splic
been seen. Th

he high curren
ch the LHC ca
measuring spli
eted repairs 
e performed i
stical method
he sectors tha
uracy. This def
LHC can ope
ibly, repairs) c

M. Koratzino
of main circ
warm”, ATS r
F. Bertinelli e
Superconduct
proceedings.
M. Koratzino
main circuit
LHC using ca
L. Tavian et
detection of 
Sectors”, PAC
2009-006. 
F. Formenti e
Systems for th
Machine at C
First Operatio
A. Verweij, 
splices for 7
Chamonix 20

ce, therefore 
.5TeV operati

mulative distri
stance data. 

CONCLU
sistance has 
es and no exc

he quality of t
nt circuits of th
an safely oper
ices in a non
and accurate 
n part of the 

d to estimate t
at were not m
fines the maxi
erate before 
can take place

REFERE
os et al., “Mea
cuit busbar s
report in prepa
et al., “Toward
ting Splices fo

os and J. Stra
splices with 

alorimetry”, A
t al., “Helium

Abnormal R
C ’09, Vancou

t al., “Upgrad
he Supercond

CERN: From C
onal Experienc
“Minimum re
7TeV operati

010 workshop,

the 90 μΩ R
ion. 

ibution of all a

SIONS 
been measu

cess resistance
the copper sta
he LHC limit 

rate. An extend
n-invasive wa

resistance m
machine. We

the worst rem
measured with
imum safe en
more measur

e.  

NCES 
asurements of 
segments at 
aration. 
ds a Consolid

for 7 TeV Ope

ait, “A metho
abnormal resi

ATS report in p
m II Calorim
Resistive Zon
uver, Canada,

de of the Quen
ducting Circuit
Concept and 
ce”, these pro
equirements f
ion”, proceed
, CERN-ATS-

Rmax limit is

available R16

ured for all
e above 3 nΩ
abilizer joints
the energy at

ded campaign
ay as well as
measurements
e have used a
maining splice
h the required
ergy at which
rements (and,

the resistance
the LHC at

dation of LHC
eration”, these

od to identify
istance at the
preparation. 
metry for the
nes in LHC
 CERN-ATS-

nch Protection
ts of the LHC
Design to the

oceedings.  
for the 13kA
dings of the
-2010-026. 

s 

6 

l 
Ω 
s 
t 
n 
s 
s 
a 
e 
d 
h 
, 

e 
t 

C 
e 

y 
e 

e 
C 
-

n 
C 
e 

A 
e 

Proceedings of IPAC’10, Kyoto, Japan MOPEB044

07 Accelerator Technology

T10 Superconducting Magnets 375


