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Characterization of NbT1 busbar for HL-LHC Interac-
tion region quadrupoles

M. Baldini, G. Ambrosio, R. C. Bossert, G. Chlachidze, S. Feher, V. Marinozzi, D. F Orris, H. Pan, S. Stoynev

Abstract—The US Accelerator Upgrade for the HiLumi-LHC
(US-HL-LHC AUP) project and CERN are designing and fabri-
cating superconducting quadrupole magnets for the interaction
regions of the High Luminosity Large Hadron Collider (HL-
LHC). The triplet is made of three optical elements: Q1, Q2, and
Q3. The Nb3Sn quadrupole magnets operate in superfluid He at
1.9 K with a nominal field gradient of 132.6 T/m. The three inner
triplet elements are connected together with superconducting
buses. The design and fabrication of the through and local buses is
carried out at Applied Physics and Superconducting Technology
Division (APS-TD) at Fermilab (FNAL).

This paper reports the characterization of the bus-bar thermo-
electric properties. The bus was tested with a short Nb3;Sn magnet
(MQXFS1e) in the vertical test facility of the APS-TD at FNAL.
The test demonstrated that the bus design is adequate since no
spontaneous quench took place up to 17.87 kA current value.
Quench propagation velocities were investigated over a range of
currents that is typical for accelerator superconducting magnets.
Temperature margins were found above that required for the Hi-
Lumi triplet bus. The design guarantees the protection of the bus
at operational current value according to the quench detection
voltage threshold (100 mV) established for the Hi-Lumi LHC in-
teraction region.

Index Terms—Accelerator, superconducting magnet, quench
protection, busbar

I. INTRODUCTION

he HL-LHC interaction region magnet triplets (Q1, Q2,
Tand Q3) [1] will be composed of superconducting Nb3Sn
quadrupoles [2]. The MQXFA magnet is the quadrupole mag-
netic element of Q1 and Q3 cold masses (LMQXFA). Two 4.2
m long MQXFA magnets are installed in each Q1 or Q3. Q2a
and Q2b consist of a single unit MQXFB ~7.5-m-long magnet
and high order multiple corrector magnets. The conceptual lay-
out of the HL-LHC interaction region and the entire string of
optical elements is shown in Fig. 1.
The current baseline for the HL-LHC triplet circuit includes six
magnets powered by one main power supply and three trim
power supplies. The quadrupole nominal operating current is
16.47 kA, and the ultimate operating current is 17.89 kA [2, 3].
All busbars are required to carry the ultimate current of the tri-
plet quadrupoles in steady state conditions. Two quench
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protection elements will be used: outer layer quench heaters on
the coils and Coupling-Loss Induced Quench (CLIQ) units
electrically connected to the coils. The protection strategy of the
triplet has been designed in such a way that the entire string of
magnets is quenched via CLIQ and outer layer quench heaters,
if a quench is detected in any of the MQXF magnet or buses.

The bus bar study presented in this manuscript was performed
in a similar configuration. The bus was installed into to a short
1.2 m Nb3Sn magnet (MQXFS1e) and tested at 1.9 K at the ver-
tical test facility of Applied Physics and Superconducting Tech-

—

Fig. 1. Conceptual layout of the busbars [4] the LH-LHC interaction re-
gion.

nology Division at FNAL. The entire circuit was protected,
quenching both MQXFS1e magnet and the bus leads via energy
extraction and outer heater discharge, if a quench was detected
in the bus and/or in the MQXFS1e magnet. The goal of the test
was to verify busbar design and protection according to the HL-
LHC performance specifications: magnet quench voltage detec-
tion threshold of 100 mV with a validation time of 10 ms, a bus
maximum hot-spot temperature <150 K and a temperature mar-
gin larger than 5 K [4].

The bus design is similar to the one used for the MQXB
(LHC IR triplets) [5]. It consists of two pairs of NbTi/Cu Ruth-
erford cables, each pair soldered together and wrapped individ-
ually, then together in polyimide. A single bus housing, made
of G-11, was placed inside a 77 mm diameter bus port within
the MQXFS1e magnet yoke and contains the two flat busbars
(positive and negative), made with the same NbTi cable as is
used for the magnet leads. In the HL-LHC triplet at operating
current, the two buses will be exposed to background magnetic
field from the magnet and to the self-field for a total of 0.89 T.
At ultimate current, the buses will be subjected to a magnetic
field of 0.95 T.

In this paper we report the characterization of the bus-bar
thermo-electric properties to validate the design and assure
quench protection. Calculations were performed with QLASA
[6] to estimate the quench integral, the quench propagation
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velocity and compared with experimental results. The test
demonstrated that the design is sound and guarantees the pro-
tection of the bus for the quench detection voltage threshold
value established for the HL-LHC interaction region. Indeed,
no spontaneous quench of the bus lead took place at fields up to
17.89 kA. The quench protection system was validated above
the voltage detection threshold established by the HL-LHC pro-
ject, demonstrating that the bus is going to be protected if a
quench is detected.

II. BUS ASSEMBLY AND TEST CONFIGURATION

The cross section of the bus assembly is displayed in Fig.2.
The two buses carry the current from the positive and the neg-
ative terminals. The insulation between the two buses consists
of three layers of 125 um thick polyimide and two layers of 50
pm polyimide with 66% overlap around each bus. There is one
layer of 50 um polyimide with 75% overlap around the entire
assembly which does not add to the insulation between busses.

Fig. 2 Cross section of the bus assembly.

TABLEI

NBTI CABLE AND STRAND SPECIFICATION

Coating Sn5Wt%Ag
Strand diameter after coating 1.065 + 0.0025 mm
Number of strands 34
Copper to superconductor ratio 1.65+0.05
Twist pitch after cabling 18+1.5 mm
Cable width 18.15 mm
Cable height 1.92 mm
Cable RRR >150
Critical current at 10 T, 1.9 K 515 A

Tab. I: NbTi cable and strand specifications

Cable and strand specification are reported in Tab. I. The
cross-section area of the bus assembly elements used for the
QLASA [5] simulations are displayed in Tab. II. Cross-section

TABLE II
CROSS SECTION AREA OF THE BUS ASSEMBLY ELEMENTS.

Area (mm?)
Entire bus 93.88
Cu 37.55
Polyimide 27.07
NbTi 23.01
Ag0.94Sn0.06 6.246

Tab. II: Cross sectional area for the bus assembly elements: Cu, Polyimide NbTi
and soldering.

areas of NbTi and copper were estimated based on the number
of strands (68), the strand area and the ratio between copper and
NbTi. The polyimide cross sectional area was calculated ac-
cording to the dimensions reported in Fig.2.

Simulations were performed in adiabatic conditions in two
different cases: with and without insulation. Quench and volt-
age versus temperature, and quench propagation velocities were
computed at several current ratio values: I/Inom from 0.3 to 1.08,
with nominal operational current as a reference value and with
RRR=150. There was no simulation of a bus lead quench in the
computational work. The results were used to estimates how
many MIIts were available up to 150 K and identify safe voltage
detection thresholds. The bus was treated as a single coil with
just one turn and input in QLASA. Resistivity and specific heat
were taken from a custom library of cryogenic properties
MATPRO [7] specifically built for Nb3Sn and NbTi supercon-
ducting magnets.

The MATPRO library does not contain cryogenic properties
of polyimide insulation below 4 K. Results obtained with no
insulation (not shown here) were used to validate that quench
integrals were not significantly affected by this temperature
limitation.

Magnetic flux densities for the bus housing with or without

TABLE III
CURRENT LEVELS AND VOLTAGE DETECTION THRESHOLD

Voltage Voltage Voltage Voltage
Current (kA) Thresh%ld Thresh%)ld Thresh%)ld Threshold
(mV) (mV) (mv) (mv)
5.0 50
8.2 50 200
9.9 50
11.5 50
13.2 50
14.8 50
16.5 50 200 500 800
17.8 50

Tab III: Current levels and voltage detection threshold used during the bus test

conductor have been precisely evaluated at ultimate current us-
ing Roxie software [8]. The obtained value is 0.95 T. This field
value has been rescaled for each current level and used in the
computational work. The computations were compared to the
experimental study performed with the bus installed into the
MQXFS1e magnet. Details about magnet training and quench
history can be found in Ref. [9]. Because of the presence of ad-
ditional background field coming from the magnet, the bus as-
sembly orientation with respect to magnetic flux lines of the
magnet was chosen carefully in order to minimize Lorentz
forces. Roxie simulations show that the optimal configuration
is the one with the two bus terminals-one for forward current
and one for the return current- parallel to the magnetic flux lines
[8]. The current direction of the two buses was also selected to
minimize the electromagnetic forces. The Lorentz forces are
significantly reduced when the current direction of each bus ter-
minal flows in the opposite direction as the adjacent coil block.



The two terminals were spliced together on one end, inserted
into the MQXFS1e magnet and connected to the magnet. The
two straight sections of the bus terminals (1.26 m long) were
instrumented with an in house-made spot heater, a CERNOX
temperature sensor and 28 voltage taps. The two spot heaters
each consisted of a 25 mm thick, 20 mm long and 15 mm wide
hand-cut strip of stainless steel AISI 304 and were placed in the
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Fig. 3 Top panel: Current ramp (green curve, left y axis) and
temperature increases (purple curve, right y axis) up to quench.
The arrows indicate which axis each curve belongs to. Bottom
panel: current dependence of temperature margins (blue squares)
and quench temperatures (black circles). A parabolic fit (red line)
was used to extrapolate the quench temperature at ultimate cur-
rent.

middle of the straight sections. Spaces between voltage taps
were each 100 mm long aside from the ones adjacent to the spot
heaters which were 60 mm long.

The main goal of the test was to validate of the bus design
by reaching ultimate current without spontaneous quench. Then
the quench integral and velocities of the bus were obtained by
firing the spot heater installed on the bus to induce a quench.
The buses relied on the magnet quench protection system, so
the MQXFS1e magnet was driven to a normal state when the
quench of the lead was detected.

In one case, the quench of the bus was induced connecting
the heater to a DC power supply (Kepco) and, current was
raised slowly with 0.5 A steps until quenching. This procedure
was used to establish temperature margins of the bus.

In all the other cases, the heater was connected to a Heater
firing unit (HFU) station and a quench was generated by dis-
charging a capacitor directly into the heater. The firing param-
eters were a capacitance of C= 9.6 mF and a 75 V voltage
charge for each current level. A 90 V voltage charge was nec-
essary to induce a quench in the bus at 5.0 kA.

The test was carried out at several current levels and at dif-
ferent voltage detection thresholds. Values are reported in Table
III. The HL-LHC magnet quench voltage detection threshold

will be 100 mV with a validation time of 10 ms. The bus thresh-
olds were selected based on computational results (voltages vs
quench integral) to guarantee a hot-spot temperature < 150 K
according to the HL. LHC project.

III. RESULT OF THE BUS BAR TEST

A. Temperature margin determination

Magnet MQXFS1 has been tested several times. The test his-
tory suggests the presence of a weak spot in the magnet, causing
some quenches to be needed to reach ultimate current [10].
There was no guarantee that the magnet could sustain a steady
ultimate current for the time necessary to perform temperature
margin measurements.

For this reason, quench temperatures were determined at
15.5,16.48 and 17.5 kA and the results were used to extrapolate
the quench temperature value at ultimate current. The bus volt-
age detection thresholds were 200 mV for the 15.5 and 17.5 kA
data and 50 mV for nominal current. Temperatures were meas-
ured by a sensor placed very close to the spot heater. Fig. 3
shows the current ramp up to 16.5 kA and the temperature in-
crease at nominal current. The temperature of the bus was
slowly increased up to quench, supplying a current in the heater
of up to 3.4 A; each small step corresponding to a 0.05 A incre-
ment. The quench temperature was then precisely determined.
On the bottom panel of Fig. 3, temperature margins and quench
temperatures at different currents are displayed. The experi-
mental quench temperature data (black square) were fit with a
parabolic curve (red line) to extrapolate the value of the quench
temperature at ultimate current (7.95 K at 17.89 kA). The mar-
gin was calculated subtracting the operating temperature and it
is observed to decrease from 6.3 K to 6.0 K as the current in-
creases from 15.5 kA to 17.9 kA. The temperature margin is
above the required value (5K) established by the Hi-Lumi pro-
ject [4].

B. Quench Propagation velocity

Quench propagation velocities in the bus were estimated us-
ing the time of flight method. The MQXFS1e magnet was pow-
ered up to each selected current level, and then a quench was
initiated using one of the spot heaters. The quench then propa-
gates to the neighboring segments and a voltage rise is observed
in the taps as the quench travels along the bus. The propagation
velocity is derived by dividing the segment length by the time
taken for the voltage onset to travel through each segment. This
time was determined from the intersection between two linear
functions used to fit the voltage onset shape. In Fig. 4, distribu-
tion of velocities is shown for each segment and each selected
current. Only quenches produced by firing the HFU unit have
been included in Fig. 4 to avoid the preheating effect of quench
velocities. Error bars were estimated propagating errors on seg-
ment lengths and times. Tap width is around 4 mm and a 5%
error on segment length was assumed. A 1% error was assumed
for the voltage onset time. Results are compared with QLASA
simulations (red line). The quench propagates faster along one
side of the bus and velocities are less uniform. This can be



ascribed to differences in segment lengths and to asymmetries
in the quench propagation. Velocities increase linearly with cur-
rent and experimental values are lower than calculated ones.
This is expected because calculations are carried out in adia-
batic conditions and the effect of cooling is not taken into con-
sideration.

Quench propagation is much slower at low current. If the
time delay of the protection system is long enough, the heat
propagating transversally could quench the other terminal of the
bus. This has been observed at the lowest current values (5.0
kA and 8.2 kA). Voltage detection thresholds were 50 mV at 5
kA and 200 mV at 8.2 kA respectively.

A 1.8 s delay was observed between the longitudinal and the
transverse quench fronts at 8.2 kA and a 4.6 s delay at 5.0 kA,
indicating that it takes around 1.8/4.5 s for the heat to penetrate
transversely through the polyimide insulation. Transverse ve-
locities can be calculated. Considering 1 mm thick polyimide,
transverse velocity is two orders of magnitude smaller than the
longitudinal one at 8.2 kA (0.001 m/s vs 0.5 m/s) and three or-
ders of magnitude smaller at 5.0 kA (2.2x10* m/s vs 0.1 m/s).
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Fig. 4 Current dependence of the quench velocities for
several segments placed on the left (top panel) and on the
right (bottom panel) of the bus quench heater.

C. Quench integral versus peak temperature

One of the goals of testing the bus with the magnet was to
ensure that it is well protected at any current values. At low cur-
rents, quench propagates slower than at high currents and it is
necessary to avoid that the hot spot temperature of the bus rises
to a dangerous level.

Quench integral and hot spot temperatures were obtained
from the experimental data. The quench integral was derived
from the adiabatic heat balance equation [11] integrating the
measured current over time. The quench starting time was ob-
tained from the voltage onset data collected in the segment

containing the spot heater. The voltage value observed at the
detection time was used to estimate the resistivity in that same
segment. Temperature was obtained by comparing the resistiv-
ity data with the temperature dependence of copper resistivity
taken by the MATPRO database.

A summary of all the quench integral data of the bus at sev-
eral current levels is shown in Fig. 5. Most of the data were
collected using a detection voltage limit of 50 mV. Symbols re-
fer to experimental data obtained at different current values and
detection thresholds. Curves of the same color refer to quench
integrals obtained modelling the bus with QLASA at the same
current levels. The calculations are in good agreement with the
experimental results. The hot spot temperatures are well below
100 K at each current and detection voltage threshold level. At
nominal current and at 8.2 kA, the bus test was performed at
several detection voltage levels (see Table I1I) ensuring protec-
tion of the bus according to requirements (100 mV, hot spot
temperature < 150 K) established for the HL- LHC interaction
region.

IV. CONCLUSION

The bus bar assembly was tested together with the MQXFS1e
magnet. The test demonstrated that the bus design is adequate
since no spontaneous quench took place up to ultimate current.
Quench propagation velocities were investigated over a range
of currents that is typical for accelerator superconducting mag-
nets. The bus design was validated with a temperature margin
of 6 K which is above the one required for the Hi-Lumi triplet
bus. The obtained quench integrals and hot spot temperatures
guarantee that the bus is well protected up to the ultimate cur-

140 ' T .
|| —— 5000 A
8240 A
120 p 9890 A
H——11530 A
100 H 13000 A
| 14800 A
—— 16480 A
80y 17890 A .
X 500 mV /
— 60 | -

0 " 1 L 1 " 1 " 1 " I i 1 L
0 50 100 150 200 250 300 350

QI (MAs)

Fig. 5. Experimental (dots) and calculated (lines)
quench integrals data at each selected current level

rent. The design guarantees the protection of the bus for the
quench detection voltage threshold (100 mV) established for
the Hi-Lumi LHC interaction region.
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