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Design, Construction and Tests of 20 kA Current
Leads for the CMS Solenoid

P. Fazilleau, P. Bredy, F. P. Juster, F. Kircher, Y. Pabot, L. Scola, and B. Curé

Abstract—The CMS experiment (Compact Muon Solenoid) is
a general-purpose proton-proton detector designed to run at the
highest luminosity at the LHC [1]. Distinctive features of the CMS
detector include a high-magnetic-field solenoid (4 T) coupled with a
multilayer muon system, a fully active scintillating-crystal electro-
magnetic calorimeter, a tile hadronic calorimeter, and a powerful
inner tracking system.

The two 20 kA current leads for the CMS electrical circuit have
been designed, manufactured and tested by CEA Saclay.

Their design, with reliability as prime goal, is based on the use of
a pure-copper braid, having an RRR of 130, placed inside a conduit
and cooled by evaporating helium gas. Their length is of 3.3 m to
cross the return yoke and their conductive cross-section has been
fixed at 1800mm2, slightly above the optimal section.

An important specification is the behavior in case of lack of
coolant: the current leads are able to hold the maximal current
during 5 minutes followed by a fast discharge, time constant of
190 s, without any damage.

They are fully instrumented with sensors and diagnostics (tem-
perature, voltage and helium flow) for safety and control. In case
of discharge, they are submitted to a high voltage and then must
ensure an insulation of 3 kV.

The tests will include insulation, mechanical and electrical tests
(at nominal current, with and without coolant).

Index Terms—CMS, cryogenics, current leads, design.

I. INTRODUCTION

Apair of cryogenic current leads for powering the CMS su-
perconducting solenoid was designed, manufactured and

tested by CEA Saclay. The solenoid produces a central field of
4 T; its magnetic energy is 2.7 GJ and its nominal current is
19.5 kA. The rated current of the leads has been chosen 10%
higher than the nominal current of the solenoid, i.e., 21.5 kA.

Cryogenic current leads are the most vulnerable parts of the
electrical circuit because they have to carry the magnet current
from ambient temperature to liquid helium temperature while
limiting the helium consumption. Moreover, the continuity of
the lines between the magnet and the dump resistor is of prior
importance; for that reason, the current leads must have as
prime quality the robustness which includes particularly a long
holding time without helium cooling. The current leads were
designed so that they can carry the nominal current during 5
minutes followed by a fast discharge, time constant of 190 s,
without coolant.
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TABLE I
ELECTRICAL AND CRYOGENICAL SPECIFICATIONS

Fig. 1. Temperature along the copper braid (thermal exchanger).

Another important requirement is the exchanger length of the
leads, minimum of 3.3 m because of the chimney height be-
tween the magnet and the electrical lines. This requirement and
the specifications listed in Table I have led to the design pre-
sented in part II. Part III exposes the monitoring and instrumen-
tation of the current leads. The tests performed at Saclay are
detailed in the part IV.

II. CURRENT LEADS DESIGN

A. Gas-Cooled Leads Theory

All the calculations presented in this paper (except the tran-
sient state without cooling solved with a FEM method in II-D.)
use a one-dimensional model. The two well-known steady state
equations of a gas cooled lead are:

(1)
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Fig. 2. 20 kA current lead for the CMS solenoid.

where z is the axial distance along the lead; and are respec-
tively the copper lead and helium gas temperatures; , ,

and are respectively the thermal conductivity, electrical re-
sistivity, cross-section and wetted perimeter of copper. ,

and are respectively the helium specific heat, mass flow
rate and heat transfer.

The boundary conditions at the foot and the head of the lead
are and , l being the heat exchanger
length. The mass flow rate is usually controlled by a valve but
in order to calculate the optimal lead parameters, with a mass

of liquid helium boiled off by the heat load from the
lead, we used the following equation:

(2)

where is the liquid helium latent heat of vaporization.
The Wiedemann-Franz law was not used because high-pure

copper does not follow it accurately [2]. The maximal Reynolds
number was calculated equal to 220, over the whole range be-
tween 4.5 K and 300 K, far below 2300, prevailing a laminar
gas flow. The Nusselt number was chosen between 2.6 (minimal
value) and 5. From these values, the heat transfer was deduced
using the helium thermal conduction and the calculated
hydraulic diameter (0.6 mm). The equation was solved numeri-
cally and Fig. 1 shows the temperature profile for a self boiled
off lead at 19.5 and 21.5 kA, respectively nominal and rated cur-
rents.

B. Structure

The thermal exchanger is a pure copper braid, RRR of 130,
made of 9167 wires of 0.5 mm diameter. This is a well-proven
technology, already used on ALEPH [3]. The braid was man-
ufactured by T.M.F. ( Chamond, France). No alternative was
possible concerning the choice of the copper used for the cur-
rent leads; their large length due to the height of the chimney
would have conduct to a cross section 4 to 5 times bigger in the
case of use of a low resistivity copper (ATLAS design [4]) and
consequently to cumbersome leads.

The use of a braid as a thermal exchanger has two advantages:

• the wetted perimeter is large and so is the exchange surface
between copper and helium,

• the braid, well compressed, is placed inside a stainless
steel conduit and the helium gas is constrained to flow past
the braid strands.

The design of the lead is shown on Fig. 2. The braid is brazed
inside the OFHC copper foot with tin-silver solder and is inset
into the copper head with a press at 500 tons. The latter junction

Fig. 3. A current lead with the mechanical support, insulation tubes and
flanges.

was tested mechanically up to 1 ton; it was also tested electri-
cally and the resistance was below 1 . The junction of the
braid to the heads made under pressure, which is the technique
commonly used for the electrical cables, guaranties mechanical
solidness, reliability against overwarming (far upper soft solder
melting point), along with good electrical conductance. That
technique cannot be used for the foot because such junctions
have too high electrical resistances due to the impurities on the
braid strand surfaces. They could not operate at liquid helium
temperature, the produced Joule heat should cause the foot su-
perconducting lines to return to the resistive state.

The NbTi superconducting lines coming from the solenoid
windings are soldered onto the current lead feet with tin-lead.
Parallel Nb Sn shunts are soldered between the feet and the
NbTi lines. They remain superconducting at temperatures above
the NbTi critical temperature and are able to conduct the full cur-
rent in case of a sudden temperature rise (up to 14 K). The leads
were equipped with auxiliary parts and introduced inside a me-
chanical structure to support the electromagnetic forces (cryo-
genic parts manufactured by SDMS, Marcellin, France).

To prevent frost and to protect seals at the lead heads, heaters
have been mounted onto the connections between the electrical
lines and the heads: 2 kW as heating fingers to warm the copper
head and 1 kW as grid heaters in order to warm the helium gas.
A vacuum tube surrounds the heat exchanger at the outer part of
the lead as shown in Fig. 3.

C. Helium Consumption

The use of a pure copper requires to not work at overloaded
conditions because of the cross section, less large than a lead
made of lower RRR copper. To enhance the safety margin, it was
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Fig. 4. Helium over-consumption vs optimized current increase. Consider a
first current lead with a optimized current I , equal to its operating current,
and a second lead with an optimized current I , also operating at the current
I (the lengths of both leads are identical). The helium self consumption of
the latter is compared to the former.

then decided to over-optimize the lead, meaning the optimum
current and consequently the cross-section is taken 10% larger.
This oversizing results in an over-self-consumption of only 2%
of helium as presented in Fig. 4.

D. Transient State in Case of Lack of Coolant

An important specification is the behavior in case of lack of
coolant: the current leads must hold the nominal current during
5 minutes (time given to the operator) followed by a exponential
resistive fast discharge, time constant of 190 s, without suffering
any damage, in particular the electric insulation must keep its
integrity and its quality. The maximal temperature of the insu-
lation in that case must not exceed 450.

Calculations made with the CAST3M code [5], based on a
FEM method, have been performed, taking into account the fact
that the heads of the current leads are connected to the outer
electrical lines (large thermal inertia) and that their foot tem-
peratures are floating. Figs. 5 and 6 describe the evolution of
the voltage drop of the leads and the temperature of the hottest
point of the heat exchanger, located 30 cm below the lead head.
Both evolutions rise rapidly with time and the voltage is a good
gauge of the exchanger temperature profile The use of a lower
RRR would have led to lower temperatures and as mentioned
before, it would have been feasible only if the length had been
shorter. Nevertheless, the use of a long lead has an interesting
characteristic; it was shown [6] that the thermal time constant
varies with . The 3.3 m long lead has then a 10 times greater
time constant that a 1 m long lead (at same RRR). A longer op-
timum lead is safer than a shorter optimum one in the case of
cooling helium stoppage.

III. INSTRUMENTATION AND SAFETY

Because the current lead burnout should irreversibly damage
the superconducting magnet, safety measures are redundant.
Three kinds of signal are monitored for safety as shown in
Fig. 7:

• Helium flow shortage; a threshold of 0.8 g/s initiates a
slow discharge with the power supply (5 hours duration).

• Voltage drop of each lead; it is the more sensitive param-
eter to any variation of the temperature profile. A low
threshold of 90 mV initiates a slow discharge with the

Fig. 5. Voltage drop at the terminals of the lead (U ) without cooling.

Fig. 6. Temperature of the hot point without cooling.

Fig. 7. Instrumentation monitoring. The scheme presents the instrumentation
of the leads and the instrumentation used on the test facility (below part).

power supply. A high threshold of 110 mV triggers a fast
discharge.

• Temperature at the hot point of the lead; its exact situation
was given by the calculations without helium cooling (cf.
II-D.). A threshold of 300 K triggers a fast discharge.

Others parameters are measured and activate alarms: temper-
ature of the heads, voltage and temperature of the foot junctions.

IV. TESTS PROCEDURE AND ANALYSIS

A. Operating Conditions

The pair of current leads was installed in a 8 m deep test cryo-
stat, with their feet short-circuited by a superconducting line.
The short was instrumented with voltage taps and temperature
sensors as shown on Fig. 7. The minimal mass flow rate, cor-
responding to the limit of instability, has been determined for
several current values. The test results are presented on Fig. 8.
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Fig. 8. Mass flow rate versus current.

Fig. 9. Voltage drop (U ) versus mass flow rate.

From that, one can choose a nominal mass flow rate for any cur-
rent, above the limit value. During all the tests, the lead heads
were maintained at 300 K with the heaters described herein be-
fore.

At the nominal current of 19.5 kA, the voltage drop at the
terminals of each lead is shown on Fig. 9 for several mass flow
rates and compared to the value of 80 mV, voltage drop of an op-
timal lead (no heat enters or goes out at the top by conduction).
It is obviously safer to work at a smaller voltage, i.e., at large
mass flow rate, because the temperature profile is then far from
the instability zone. But there is a balance to achieve because
working at these mass flow rates generates a larger helium loss
and a longer working time for the heaters.

The pressure drop along each lead was measured and never
exceeds 2.5 kPa, less than the specified 5 kPa.

The operating condition results show a small discrepancy be-
tween both leads. As they were manufactured with the same
copper braid, the difference should be explained by a slight
compaction difference of the copper braids inside their stainless
tubes, causing difference of the heat transfers between helium
gas and braids.

B. Lack of Coolant

The superconducting line has been removed and a massive
OFHC-copper short circuit was mechanically mounted with in-
dium foils. Both leads were operating at their nominal current
with helium flow, their temperature profile being stabilized. The
controlled valves, located at the gas outlet, were suddenly closed
in order to stop the helium cooling.

The temperatures, measured on the conduit and displayed on
Fig. 10, do not exceed 360 K after ten minutes and consequently,

Fig. 10. Voltage drops (U ) and hot point temperature evolutions
without helium.

there is no damage on the electrical insulation. The temperature
on the braid reached a higher temperature but this is less sig-
nificant because the copper can withstand it. The voltage drop
evolutions are very similar for both leads which underline the
fact that the difference obtained during the operating conditions
are due to the heat transfers to helium gas.

Pressure tests have been performed with alcohol at 3.3 MPa;
furthermore, at the end of the electrical tests, the helium circuit
has been tested up to 2.1 MPa.

V. CONCLUSION

Two cryogenic current leads for the CMS superconducting
solenoid have been designed, manufactured and tested by CEA
Saclay. A small discrepancy has been shown between both
leads during the operating conditions, due to a slight difference
of compaction in their stainless conduits. Nevertheless, they
wholly fulfill the specifications, especially without coolant.
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