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ABSTRACT

A large and important meeting "Toward the LHC experimental programme" is due
to be held at EVIAN-Ies-BAINS. on 5-8 March 1992.

The major goal of accurate measurement of muon momenta makes necessary, for
the detectors, the use of large and powerful magnetic systems producing high bending
power.

The CMS experiment is based on a solenoidal magnetic configuration. It has been
designed to produce a high magnetic induction (4 T) in a 14 m long, 5.9 m bore
cylindrical volume surrounding the interaction point. The diameter has been fixed to the
maximum dimension compatible with road transportation to CERN. This long solenoid
with its 12 500 ton iron yoke is a fully shielded magnet. This paper presents the
conceptual design of the superconducting coil and its technical characteristics.



CONCEPTUAL DESIGN OF THE CMS
4 TESLA SOLENOID

The CMS detector requires a high solenoidal magnetic field in a volume
containing the central detector elements and both electromagnetic and hadronic
calorimetry, i.e. a useful bore diameter of 5.9 m and a 14 m length. The magnet system
consists of a large superconducting solenoid enclosed in a 12 500 ton iron yoke which is
part of the outer muon detecting system.

A central field of 4 T has been chosen as sufficient for creating the magnetic flux
necessary to saturate the return yoke, thus providing the maximum bending power for
muon momentum resolution. This field value has also been determined as a "reasonable"
limit with regard to feasibility and cost, considering available and proved technology.

The solenoid diameter has been fixed as the maximum compatible with road
transport capabilities i.e. 6.8 m in order to allow the winding to be constructed at an
outside vendor or laboratory.

A specific technology has been developed over the last 15 years for large
solenoids in the range of 1.5 T and has been successfully applied to detector magnets
such as ALEPH and DELPHI. The main features which have demonstrated the high
quality and reliability of such magnets are the following :

- High purity aluminium stabilized conductor.
- Inner layer winding mode fully epoxy impregnated.
- Indirect cooling (suppression of the pool liquid helium vessel).
- Thermosiphon cooling scheme (in the case of ALEPH).

These concepts, which have also proved to bring substantial economical
advantages, should be extended as much as possible to the design of more powerful
magnets such as CMS. However, the large increase in overall characteristics such as
magnetic field. Ampere-turns, forces and stored energy, necessitates some departures
from the previous designs. These have been carefully analysed and taken into account
in the proposed design described in th£ present LOI.

The new features displayed in this proposal concern the following :

- 4-layer winding (instead of one-layer in the case of ALEPH and of one-and-two-
layers for DELPHP e to the number of Ampere turns per unit length.

- Larger and more complex conductor for higher rated current, related to the
stored energy, and for mechanical reinforcement needed to resist the magnetic forces.

The major issue of stability has been the leading guide in the design of the new
conductor and of t'ie winding structure, by taking care through elaborate mechanical
analysis of the induced stress distribution among the components in order to minimize
shear stress concentrations which are responsible for potential disturbances.

From the experience of the SACLAY team involved in this study, the problems of
stability and safety are fully satisfied in the present design as well as the practical
overall feasibility of magnet construction.



1 - MAGNETIC DESIGN

The CMS general layout shows, in Fig.l. the SC coil and the laminated iron yoke.

Design computations for the coil in the yoke structure have been carried out at
CERN and SACLAY using 2 codes with axisymmetric configuration POISSON and
CASTEM 2000. Results on field and forces have been compared.

A typical field map is shown in Fig.2. For a central field of 4 Tesla the peak field
on the conductor is 4.6 T.

2 - COIL CONFIGURATION

A general requirement for large detectors is that its numerous components be
constructed as modular sub-units easily assembled at the experimental site and
individually accessible for maintenance and possible intervention after final assembly.
The time available for this assembly is anticipated to be very restricted and must be
minimized.

In order to facilitate the overall assembly and access to the detector components
it has been decided that the coil be entirely supported from a central plate which
separates the coil as well as the whole detector into two symmetrical halves. In such a
way. the muon barrel can be assembled as sector modules around the coil, the inner
detectors and barrel calorimeter can be inserted in the coil bore and the complete end
caps rolled into place from both sides. Fig.3 represents the whole detector with the
barrels in the open position.

The coil will be assembled, together with the central plate, as a complete sub-
unit in a surface building where it can be fully tested with the pre-assembled iron yoke,
before being lowered as a single unit into the experimental hall.

Futhermore, for ease of manufacturing and transport, each half coil is itself split
into two winding sections of equal length tied together through bolted flanges. No
special constraint being imposed on the field homogeneity, the 4 coil sections can be
made identical with a uniform current density winding and without field compensation.
The only requirement is that the split between two coil sections be small enough not to
introduce a magnetic bottle effect in the central region.

Another important requirement for a muon detector is the accurate
measurement of the alignement of the chambers which are located inside and outside
the coil. It is an advantage of the split of the coil to give the possibility of providing
crossing channels at mid plane for calibration by means of wires or laser beams.

Another requirement is for the vacuum vessel to carry the load of part of the
detectors attached to this vessel : 600 tons on the inner wall and 800 tons on the outer
wall. Since the vacuum vessel is itself only supported on its outside diameter from the
central plate, strong reinforcement of this vessel is needed by means of wide webs on
the outside wall and of a 50 mm thick cylinder as the inside wall.

3 - COIL PARAMETERS

Fig.4 shows the cross section at the end of the coil inside the cryostat. The
superconducting coil consists of 4 identical sections. Table 1 summarizes the overall coil
parameters and the constitution of a section is given in table 2.



- Table 1

OVERALL COIL PARAMETERS

Central induction
Conductor peak field
Free bore diameter
Magnetic length
Amp turns
Operating current
Stored energy
Inductance
Dump voltage
Dump time constant
Total length of conductor

4
4.6
5.9
14

46.5 106

20
2 850
14.25
1
285
48

T
T
m
m

kA
MJ
H
kV
s
km

- Table 2 -

COIL SECTION PARAMETERS

Winding length
Winding inner diameter
Winding outer diameter
Outer cylinder thickness
Number of layers
Turns per layer
Conductor length per
layer
Section conductor weight
Section total weight

3.335
6.168
6.660
30.0
4
146
3

45
52

m
m
m
mm

km

tons
tons

The magnetic forces applied to the coil are summarized in Table 3 and Fig.5
represents the axial force along the coil.

- Table 3 •

COIL MAGNETIC FORCES

Radial pressure
Axial force at mid plane
Peak axial compression force

70
7
9

400
900

atm
tons
tons



- Table 4 -

MASS AND SEE

Cryostat overall length
Cryostat outer diameter (without webs)
Cryostat inner diameter
Vacuum vessel outer wall thickness
Vacuum vessel inner wall thickness
Conductor total length
Total mass at 4.2 K
Total cryostat mass
Total mass of the magnet

14.4
7.3
5.9
25.0
50.0
48
210
240
450

m
m
m
mm
mm
km
tons
tons
tons

4 - WINDING DESIGN

The conductor parameters have to be chosen in order to fulfill simultaneously
the set of requirements related to superconductor performances, forces containement.
stability behaviour and quench protection. Also, the winding method is of major
importance in the present application for which the winding mechanical integrety is
essential to contain the magnetic forces and to prevent any possibility of conductor
micro-slip.

4-1 - Forces containement :

The coil has to sustain radial and axial magnetic forces shown in Table 3.

Radial forces :

A general feature of the pure aluminium stabilized solenoids is that they need a
hoop force structure because the pure Al component has a low yield strength.
Furthermore strain must be limited in order to avoid substantial degradation of the
thermal and electrical properties of the Al material. For the CMS solenoid the radial
strain limit has been fixed at 0.15%, so the 70 atm radial pressure requires a 190 mm
thick aluminium alloy structure.

It is a change from previous designs to associate the reinforcing material directly
to the conductor instead of making a thick external cylinder. This disposition, which
however makes the conductor more complex, brings decisive advantages for the present
application : the outer cylinder remains thin and not difficult to fabricate, radial
compressive stresses are reduced, structure heat capacity is closely coupled to the
conductor, and. most important, the shear stresses induced by the high axial forces can
be kept at a low level, as it is explained below.

Axial forces :

Axial forces shown in Fig. 5 introduce axial compression over the whole length of
the solenoid. In the case of ALEPH. with a one-layer winding and low field of 1.5 T. the
axial force on the conductors can be continuously transferred to the outer cylinder
through a low enough shear stress at the bonded interface. The conductor is mainly
pure aluminium and supports only a small fraction of the cumulated axial force.



This configuration applies no more to CMS where the forces increase roughly by
a factor of 10 and the winding is split into 4 layers with 4 crossing interfaces. For this
reason, axial forces must be transferred directly through the conductor along the
winding layers, which means the conductor has to be reinforced with a hard material of
adequate mechanical properties.

Since the reinforcing material is included in the conductor, and the part played
by the outer cylinder in carrying forces is considerably reduced, this cylinder can be
made rather thin and its main purposes are to serve as a winding outer mandrel, to
provide the longitudinal rigidity of the solenoid and to transfer the cooling power
uniformly through the winding.

4-2- Quench protection :

Protection criteria, based on the hot spot evolution following an eventual quench
with the dump resistor classical scheme, is governed by the relationship :

fTm »
F = £. dT = J2 dt (D

JTo P K
The conductor specific heat C includes, of course, both the pure Al and

reinforcing materials, while the low resistivity is mainly provided by the Al component.
With an effective RRR of 200. taking into account magneto-resistance and mechanical
stress effect, quench analysis, discussed later in this paper, has led to an optimized
fraction of 0.3 for the Al content, in order to keep the maximum temperature in the 100
K region.

4-3- Conductor design :

Prom the above consideration a 3 component conductor has been designed. Main
parameters are listed in Table 5.

- Superconducting cable made of strands of NbTi/Cu composite.

- Pure aluminium component extruded around the cable for stabilization and
protection.

- Al alloy strip for mechanical reinforcement.

For the conductor fabrication a choice has to be made between 2 different
methods, either soft soldering technique.or assembly by a two stage extrusion.



- Table 5

CONDUCTOR
Dimensions :

Bare
Insulated

Contents :
NbTi
Cu
Pure Al
Al alloy
Insulation

Rated current
Superconducting cable:

Cu/Sc
Nb de strands
Strand diameter
Filament diameter

CHARACTERISTICS

61.0x22.3 =
61.54 x 22.84 =
%
1.78
2.49

29.74
62.75
3.24

2OkA

1.4
30
1.6 mm

50 micron

((mm2)
1360.3
1405.6

25.0
35.0

418.0
882.0
45.6

4-4- Winding method :

The great superiority of the inner winding technique, especially for a large
conductor, is that the exact final shape is given to the conductor in a bending roller box
before insulating it; then a set of motorised rollers pushes the conductor under
controlled azimuthal prestress and so, provides a compact winding in such a way that
there is no possibility for any void between turns or layers. Actually, the epoxy resin
acts mostly as filler to ensure thermal conduction. The vacuum impregnation technique
is of course required in order to force everywhere the epoxy penetration into the fiber
glass insulating material.

5 - STRESS ANALYSIS

Finite element code, CASTEM 2000, has been used to compute the winding
strains and stresses. Fig.6 shows the coil deformations at 4 Tesla. the hoop stresses
along the coil are plotted on Fig.7 and the inter layer shear stresses are represented in
Fig.8. The highest shear stress levels are located at the section ends as a consequence of
coil splits. However they never exceed 0.5 h Pa. far below the maximum allowed
strengths of typically 2 hPa. At the present stage the dimensioning is not definitively
optimized, but the calculations demonstrate the design suitability.

6 - QUENCH BEHAVIOUR

The entire stored energy of 2 800 MJ uniformly dissipated as heat into the coil
would rise the temperature up to 9OK. Actually, although an important part of energy is
extracted and relased into the external dump resistor, the local temperature rise might
be much higher according to the relationship (1) if there was no inner coil resistance. In
such Al based magnet potted inside Al alloy cylinder, two important features occur to
limit the temperature rise and gradient : the fast normal zone propagation velocity and,
most efficient, the quench back effect.



Quench back effect :

Fast dumping of the magnet induces eddy currents into the outer cylinder which
warm up the coil and trigger the quenches of the succesive layers in short times.

The heat diffusion through the winding has been computed with finite element
code for several currents. Results are summarized in table 6.

- Table 6 -

Ib

(kA)
20
15
10
S

Quench back delay per layer
(S)

1 2 3 4
4.9
8
19

35.5

5.4
8.6
20.7
36.9

5.9
9.1
21.6
37.7

6.2
9.5
22.4
38.5

Hot spot
temperature

(K)
92
70
50
42

Minimum
temperature

(K)
82
63
45
37

7 - STABILITY

For any superconducting magnet design the question of stability has to be
considered. For the present application where there is no external source of
disturbances, the only dissipalive mechanism which can be invoked is mechanical either
due to epoxy cracks or to conductor motion under the magnetic induced stresses. The
scheme described above for a well distributed force containement has a direct and
essential impact on the solution of the stability problem. As the winding is fully
vacuum-impregnated, voids of significant size are practically eliminated. Even if a local
failure occured the heat dissipation, due to the work released for the mechanical stress
redistribution, would be of limited amplitude and would be easily absorbed by the
enthalpy margin available in the conductor.

This enthalpic stability margin is of course, related to the maximum allowed NbTi
composite temperature excursion. At 800 A/mm^ rated current density and 4.6 T peak
field the critical temperature is 6.5 K and the enthalpy change from 4.5 K to 6.5 K is
2500 J/m3 . Related to the CMS conductor area the margin per unit length is 3.28 Joule
per meter. For comparison, the value for ALEPH is 0.5 J/m.

Actually, such an adiabatic criteria, restricted to a single conductor, is very
pessimistic as it does not take into account heat diffusion along the conductor and to
neighbouring turns, which contributes to spread out local disturbances and allows much
larger safety margins. Stability tests carried out on the TOPAZ solenoid for example
have shown stability margins an order of magnitude higher than the one given by the
simple adiabatic model. In addition, as the CMS conductor contains a sheath of Alu-alloy
for reinforcement, the heat produced at the surface does not transfer as fast through
this low conductivity material to the inbedded superconductor, which further enhances
diffusion over a wider area. More precise analysis of the transient thermal process are
being carried out by means of elaborate computer codes together with the evaluation of
energies associated to potential disturbance sources.



8 - REFRIGERATION

The basic refrigeration system, shown in Fig.9 follows in many ways a classical
scheme The refrigeration cold box and the associated helium storage vessels are located
at surface level for ease of access and maintenance.

8 1 Heat loads are listed in Table 7.

The radiation load is intercepted by a shield fed with a 80 K helium forced flow
supplied directly from the refrigerator.

- Table 7 -

CRYOGENIC HEAT LOADS

Static load at 80 K

Radiation shield

Static load at 4.5 K
Radiation load

Holding system

Transfer lines

20 kA current loads (2.5 g/s of LHe)

Conductor junctions

Transient loads at 4.5 K

Outer cylinder eddy currents ] when energising

Pure aluminium plastic strain J the magnet

LHe liquefaction in the storage reservoir

3 500 W

130W

5W

40W

200W

10W

385 W

170 W

7OW

400W

The superconducting solenoid is a rather uncomplicated load for a helium
refrigerator. The main tasks of the cryogenic system are to supply a helium forced flow
at variable temperature for the cooling down sequence, to supply LHe for normal
operation and also to insure the helium recovery and recooling down in the quench
sequence.

For the overall heat load inventory shown in table 7 a refrigerator in the range
of 1 kW at 4.5 k provides confortable power margin and can cool the coil from room
temperature down to 4.5 K in a 4 week sequence. Permanent power consumption at
room temperature is about 500 kW.



8-2- Cooling loops .

The main cooling circuit consists of a set of pipes wound and welded over the
outer cylinder and connected as a parallel network to feeding and collecting manifolds.
Boiling helium is circulated in a natural thermally induced flow which does not require
any mechanical machinery. As fully demonstrated on the ALEPH Solenoid, such a
thermosiphon process is very convenient for continous cooling operation, in particular,
in case of power failure, nominal ccoling conditions can be kept for slowly dumping
down the magnet, typically in 3 hours. Otherwise, if the refrigeration was not available
for a while the coil would quench and ask much longer time to return to operating
condition. The 1200 nv* helium boil off produced during such a black-out period can be
recompressed in the pure helium storage vessel by powering the recovery compressor
from the magnet which acts for that time as a energy storage device.

Other LHe loops are the current lead cooling flows and also the conductor
junction heat sinks. The leads are LHe supplied from the main feeding line through
electrically insulating feedthroughs. Both the 20 kA current leads and the feedthroughs
are available components of well demonstrated reliability.

For electrical junctions between unit lengths the conductor crosses the outer
cylinder through the coil section end flanges. Each connecting part is attached to a
cooling pipe which acts both as supporting structure and heat sink.

9 - TECHNOLOGICAL DEVELOPMENT

The CMS solenoid conceptual design is based on existing knowledge and proven
technology and its construction does not raise fundamental problems. However, this
type of large unit, as for the previous detector solenoids, requires a high level of quality
and control at all stages of construction and assembly over a 5 to 6 year schedule.

The first task to be completed is the conductor industrial fabrication. As already
mentioned several producing methods can be used. They have to be investigated and
compared for their technical performances and costs. In order not to delay the delivery
date, a preliminary program should be undertaken early, including conductor sample
fabrication in industry and measurements of thermal, electrical and mechanical
characteristics in laboratories.

The stability behaviour still requires a more elaborate analysis, which is under
progress both on theoretical and experimental basis. A particular issue is to evaluate
whether static helium in an inner channel in the conductor could contribute to a
significant increase of the stability margin.

10
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Fig. 3 CMS Detector with barrait In open position
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