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Abstract

In this paper we present the project of the Solenoid Magnethi® PANDA detec-
tor developed in Genova. This project features a coil redliwith a Rutherford—-type,
aluminum stabilized superconducting cable, wound insidalaminum alloy coil former
and indirectly cooled with a forced circulation of liquidlhen. The concept of this mag-
net is based on many other working magnets, developed fiarelift detectors, such as
BaBar, Finuda, Delphi or CMS. A complete characterizatibthe magnetic, mechanical
and thermal properties of the magnet is presented, with sataon the time schedule to
be followed to fulfill the detector deadlines.

PACS: 07.55.Db; 84.71.Ba; 29.30.-h; 29.30.Ep

Published by SIS-Pubblicazioni
Laboratori Nazionali di Frascati



The PANDA[1] experiment is air, high resolution spectrometer for low energy
particle physics, mainly devoted to the study of QCD andteelanatters, using an an-
tiproton beam colliding on an internal hydrogen target. diatector is formed by a barrel
section, surrounding the interaction region, and a dipettign, used for the detection of
the low-angle particles. We present a project of the sotefani the barrel section: this
project was developed to fulfill all the requirements cominogn the detector people and
was optimized in tight collaboration with the GSI technieaperts. Even if the magnet
concept is quite conventional, the geometrical conssagquired a very important effort
to be fulfilled simultaneously with the magnetic ones.

1 Physics Requirements and Performance Goals

The PANDA target magnet is a thin, superconducting solenoid with aaganal flux
return yoke, as shown in fig. 1. Detector performance catarnd geometry considera-
tions drive the design of the solenoid and the flux return. Mlagnitude and uniformity
specifications for the magnetic field are derived from thekigarequirements: to achieve
a mass resolution of the orderof MeV a magnetic field o2 T is needed. The combined
thickness of the vertex detector, outer tracker, partmdniification system, electromag-
netic calorimeter and appropriate clearences sets thetatyjianer diameter. The cryostat
length is also constrained by the length of the nested stdrsgsand, critically, by the
clearance requirements for the end cap detectors and fasettvécing. The solenoid
thickness has to be taken into account when evaluating tieetten threshold of muons
in the chambers hosted inside and outside the flux return.yoke

The shape of the downstream region of the yoke has been desigrallow the
installation of several layers of muon chambers: a rougtking of outgoing muons will
be achieved thanks to this superlayer of steel and sensléveents.

The minimum thickness in the barrel and in the end caps iutzkd to avoid
magnetic saturation and to stop pions: this is evaluated cm. End caps segmentation
was studied to clamp the fringe fields without an eccessieecase of the amount of
steel involved. Separation and movement of the end doorscargtrained by beam line
components, by the presence of the dipole magnet in dovamstdérection and by the
need to provide ready access to detector subsystems.

The physics performance and operational requirementbéosdlenoid magnet and
for the flux return (tables 1 and 2) are similar to those of n@psrating detector magnets.



Figure 1. Iron yoke layout: in this picture, the front doomigen and one sector is out
from its work position for visualization.

2 Overview

The design of the superconducting coil for RANDA experiment is conservative and
within the state of the art for detector magnets. It is basethe experience gained over
the past 25 years with thin superconducting solenoids. odigin specifically tailored to
meet the requirements BANDA, this design is similar to many operating detector mag-
nets. A common feature of all these magnets is the use of alumistabilized conductors
that are indirectly cooled by liquid helium pipes connedizdn aluminum alloy support
structure. This technique was first developed for CELLO{&¢ first thin solenoid, and
has been improved in subsequent designs. Table 2 shows thdeatures of some of
these solenoid compared to tRANDA design. All these designs used a Rutherford-
type cable made of NbTi superconductor encased in an alumsgtabilizer that allows
for adequate quench protection.

ThePANDA detector schedule identifies the magnet as a critical peocent item:
the setup of the yoke, cryostat and solenoid is compulsarhinstallation of all the ac-



| Solenoid Requirements

Central induction 2T
Uniformity in outer tracker +2%
Nuclear interaction length 0.4\
Cryostat inner radius 950 mm
Cryostat outer radius 1340 mm
Minimization of thermal cycling

| Flux return Requirements |

Provide an external path for the magnetic field
Provide support and stopping for muon chambers
Provide gravitational load for the detector
Movable end doors to allow access inside the barrel

Table 1: Physics performances and operational requirenfenthePANDA solenoid.

tive parts of the detector. This is due to the fact that thestit itself provides mechanical
support for the various detectors: so, before the assemlslytests and commissioning
of the magnet are needed. The solenoid design, fabricatidrtammissioning duration

foreseen is0 = 36 months, so the contract should be awarded in the summer &t200
meet the overall detector schedule.

The magnet cryostat will be designed, fabricated and irtegeaccording to the
intent of the ASME Boiler and Pressure-Vessel Code, Sedfidin Division 2 [3], but
will not be code-stamped. For steel structures, the alltevdbsign stresses follow the
standard guidelines of European and Italian standardS][4JBolted connections and
fasteners will conform to their recommended torques armmhalble stresses depending
on the connection. The flux return is fabricated with S235 ti&ctural steel plates or a
material with similar mechanical and magnetic properties.

2.1 Descritpion of Key interfaces

Superconducting Solenoid and Flux Return.

The radial distance between the outer diameter of the ayast the inner surface
of the barrel flux return i900 mm: in this space is foreseen a double layer of muon
detectors. The presence of muon chambers inside the baweiripulsory to achieve a
sufficient tracking capability for low energy muons. Theeswlid weigth and magnetic
forces are transmitted to the yoke by means of titanium andttstral steel supports.
These attachments, providing also the load path for the ide&ctor components to the



[ ZEUS [ ALEPH | BABAR | PANDA |

Location DESY | CERN | SLAC GSlI
Manufacturer Ansaldo| Saclay | Ansaldo ?
Year completed 1988 1986 1997 20107
Central field (T) 1.8 1.5 15 2
Inner bore (m) 1.85 4.96 2.8 1.9
Length (m) 2.5 7 3.46 2.7
Energy (MJ) 12.5 137 25 20
Current (A) 5000 5000 7110 5000
Weigth (t) 2.5 60 6.5 5?
Rad. length 0.9 1.6 1.4 0.5?
Cable section (mm) [ 4.3 x 15| 3.6 x35|3.2x30|3.3x25
Current density () 78 40 74 50

Table 2: Comparison of solenoids used in experiments sifGlRANDA.

barrel flux return, are described in detail in the next sestio

In the barrel are foreseen different chases for the cryohtatney and for the target
pipe: these chases have proper shapes and dimensions atlédteobt20 - 50 cm. The
signal cables exit through the upward end doors and throtiiglosal rectangular chases
between the barrel and the doors.

Barrel and End Doors.

Both end doors have 90% solid steel contact area at the surface with the ends of
the barrel. The remainin% area of the barrel ends is reserved for cabling and utilities
from the inner detector components. The end doors are atlaichthe barrel with tie
plates that are bolted to the end door structure and to thelbtself.

Particle Identification System.

The Particle Identification is obtained mainly thanks to &Dlwhose silica stakcs
are placed between the tracker and the calorimeter.Cerenkov light produced in the
DIRC has to be projected on an array of small PMTs in order tasuee the radius of
the Cerenkov cone and to reconstruct the particle speed. ThibsHMve to be placed
outside the yoke in a region with magnetic field less thak:. On the other hand, the
lenght of the stacks has to be minimized to reduce light loglscasts. A magnetic shield
made of iron and mu—metal is foreseen to achieve the deseledii PMTs region: the
suspension system for the DIRC water vessel and for thisdsisi@ot defined yet.

Inner Muon Detector and Solenoid.

There is a muon counter between the cryostat and the yoke dékector is directly



Figure 2: Field uniformity inside the solenoid: in pink theter tracker region (division
is 1%).

attached to the barrel, and, with the microvertex deteuatbich is suspended to the beam
pipe, is the only one that doesn't load the cryostat. Becatde presence of the cryostat
support, a proper design for the muon plates located inkelbarrel is needed.

Movable End Door Skids and the Beam Line.

The end doors are mounted on skids equipped with rollerssdtiby can be moved
away from the barrel for maintenance access. The end da#s slave on tracks installed
in the floor. The end doors clear the beam line magnets, vagumps, magnet stands,
and other beam line equipment during door opening.

External Platforms, Stairways, and Walkways.

The external platforms necessary to install and servicetreleic racks and cryo-
genic equipment are supported from the flux return. The reqents of these compo-
nents have not yet been determined.

3 Summary of Projected Magnet Performance.

3.1 Central Field Magnitude and Coil Performance.

The magnetic field o2 T is obtained by energizing the solenoid with a constant cdirre
of 5000 A. The conductor is operated &1% of the critical current, with a peak field in
the conductor o2.8 T. This gives a large safety margin.

Magnetic uniformity is achieved by using different curreensities in regions at
both ends of the solenoid w.r.t. the central region. Thisisedby adding more aluminum



stabilizer to the central region conductor, which redutesdurrent density there. Fig.

2 shows the field uniformity in the central region. The areaw/hich the field nonuni-
formity is greater tharn.5% are small and are located in regions in which they do not
affect the performance of the drift chamber. In additiorgethe solenoid parameters are
optimized, the corners of the drift chamber are also with2¥, of 2 T.

The radial pressure due to magnetic forces on the conduatamgloperation is
~ 2.90 MPa in the high current density regions ardl MPa in the central region of the
conductor. An aluminum alloy support cylinder surrounds toiled conductor to react
against these radial pressures and keep the conductor febaing.

The integrated axial force on the winding~s8 MN. The conductor winding and
support cylinder are mechanically coupled by an epoxy bdrds epoxy bond allows
some of the axial load to be transmitted in shear to the olieniaum cylinder, which
keeps the conductor from yielding. There is an axial MN decentering force applied
to the conductor winding due to the asymmetry in the iron yoke

3.2 Flux Return

The flux return assembly provides an external flux path forrtfagnetic field of the
superconducting solenoid. Fig. 3 shows the flux lines froenrttagnetic analysis. There
are large body forces acting on the coils and on the end deagesult of the magnetic
field.

Figure 3: Flux lines all over the detector.



4 Superconducting Solenoid
4.1 Magnetic Design

This section describes the main features of the superctindusolenoid. A cross section
of the solenoid is shown in fig. 4, and parameters are givealilet3.

The magnetic analysis is based on a two—dimensional axggihymetric model and
on a complete three—dimensional model. These models ie¢halsolenoid, flux return
yoke, shields, some ancillary equipments and end doors.

Figure 4: Coil schematics: in purple the cryostat, in grdendoil former, in yellow the
windings.

The backward shield is designed to accommodate the DIR@dis functions are
to improve the field uniformity in the backward region of theer tracker and to balance
the magnetic force on the solenoid due to the yoke asymm@tryetailed design of
this shield is underway. The iron properties used for colmpan ([6] two—dimensional
magnetic element) are those of hot—rolled carbon steel.

The magnet design provides a magnetic fiel® @f with a uniformity of £2% in
the tracking region. This is obtained by grading the curdensity of the solenoid in
three regions connected in series. The central regi@dlisam in length with 133 turns.
Two end regions arés5 mm and780 mm in length with 216 and 223 turns respectively.
The current density in the end regions is 1.5 times that ofctrral part. A better
field uniformity may be obtained by reducing the axial lengfithe two end regions
and increasing the current to generate the same field, Bitvbild cause a reduction
in stability against thermal disturbance. For the initiakin, the maximum allowed
current density in the conductor has been limited to the mari currently attainable for
magnets of this kind, i.e80 A /mm? (ZEUS magnet). In these conditions, a cross section
of 80 mm? for the smaller conductor corresponds to a maximum currert ©00 A: our
choice of5000 A gives a good margin for operations.

Fig. 5 shows the graph of the field strength over the full deteregion. The



Parameter | Value |

Central Induction 2T
Conductor Peak Field 28T
Uniformity in the Tracking Region  +2%
Winding Length 2.7m
Winding Mean Radius 1070 mm
Amp Turns 5.86 - 10°
Operating Current 5000 A
Inductance 1.6 H
Stored Energy 20MJ
Total Length of Conductor 8000 m

Table 3: The main parameters of the winding of (heNDA solenoid.

magnetic field is essentially symmetric: in addition, a fietdformity better thant-2%
is obtained in the inner and outer tracker regions. Fieldoumity is required up to
z = 1100mm in the forward region, and the present design provides aoumiffield
up toz = 1200 mm, providing a factor of safety. Further adjustment of thekivesrd
shield geometry may improve field quality, in the sense ofraprovement of the field
uniformity in the backward region.

B[T]

3.0000e+000
2.2497e+000
1.6870e+000
1.2651e+000
9.4868e-001
7.1141e-001
5.3348e-001
4.0006e-001
3.0000e-001
2.2497e-001
1.6870e-001

1.2651e-001
©.4868e-002
7.1141e-002
5.3348e-002
= 4.0006e-002

3.0000e-002
" 2.2487e-002
1.6870e-002
1.2651e-002
9.4868e-003
7.1141e-003 {
5.3348e-003 '

]
=

4.0006e-003
3.0000e-003

Figure 5: The field strength over the full detector region.



4.2 Cold Mass Design

Aluminum Stabilized Conductor

The conductor is composed of a superconducting Rutherfateembedded in a
very pure aluminum matrix by a coextrusion process thatressa good bond between
aluminum and superconductor. Table 4 shows the main paeasnaftthe conductor.

B Field[T]
8
T=4.5K

T=6.3 K

O R R =

—_ b

Current[A]
2000 4000 6000 8000 10000 12000

Figure 6: Superconducting cable work point calculation.e Tad line represents the
current sharing vs. magnetic field curvedai K calculated for our cable: the cable was
chosen to be critical at twice the current and twice the magrield w.r.t. he work
ones. The blue line represents the sharing current vs. rtiade&d at the work condition
(I = 5000 A, B = 2.8T): the sharing current temperature is herK, giving us a safety
marginAT = 1.8 K.

The operating current for this conductor5i8% of the critical current at twice the
peak field, giving a large safety margin. In the case of loesltimg up t05.2 K, there
is still a significant margin on the critical current & 0.61.). At 2.8'T, the conductor
critical temperature i§,. = 8.15 K, and the current sharing temperatur&.i3K. This
values can be calculated using the Lubell Formulas[7]:

B[ T]

0.59
T.(B) =9.25K ( — m) 1)

which describes the critical temperature as a function efrttagnetic field on the con-
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ductor and

J.(B) = J (1 — %) (2)

which describes the critical current density as a functibthe magnetic field on the
conductor and of the temperature.

A simple method to evaluate the stability of the winding dstssof considering
the enthalpy margin per unit length between the operatingtha sharing temperature.
This stability parameter for thBANDA solenoid is 0.5 J/m, which is the same value
obtained for the ALEPH and BaBar magnets.

The cross section of the conductoBi8 x 24.6 mm? for the higher current density
regions and.15 x 24.6 mm? for the central region. The coil winding can be made using
six 1500 m lengths of conductor, requiring five electrical joints. Bgaint, made by either
by TIG welding (as in the Atlas barrel Toroid and CMS), or sstdering (after electro—
deposition of copper) a suitable length of the aluminum imatust have a resistance less
than5 - 1071°Q, limiting the power dissipation to a few milliwatts.

Winding Support

The winding will be supported by an external aluminum allgyirder similar to
other existing detector magnets. The winding support igydesl for all aspects of force
containment, i.e., its weight and the radial and axial mégterces. Fig. 7 shows these
magnetic forces on the solenoid.

The maximum radial pressure,2.90 MPa, is generated in the high current density
regions at the ends of the coils. A pressure-of MPa is generated in the central region.
An aluminum alloy (Al 5083 TO) support cylinder surrounds ttoiled conductor to react
against these radial pressures and prevent coil movememexfended stress analysis
of the solenoid coil-support cylinder assembly has beerldped to investigate the be-
haviour of the high-ductility pure aluminium stabilizerdaepoxy resin under the high
radial pressures generated by magnetic forces. The calslehwra simulated including
the material non-linear stress-strain curve. As a resldstig deformations are expected
to occur in the coils during the first charge. The amount o$¢heéeformations is small
and ensures that the cable will not be stressed beyond tsigcdlmit in the subsequent
charges. This will help prevent premature quenching dwaikenergizing. Nevertheless,
the support cylinder is capable to contain the deformatadrike coils while remaining
in the elastic field.

An integrated compressive axial force f8 MN is induced in the winding. The
distribution of the axial force within the coil is complex. h& central part is slightly
axially stressed by a force of less thahIN. For preliminary calculations of the axial
stress, the maximum force was considered ¥IN in the worst case for one of the three

11
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Figure 7: The force distribution on the coils (beam diredleft—to—right).

coils). This would lead to an axial stressidfMPa on the pure aluminum, with only the
winding supporting the axial forces. However, if the axi@ide is transmitted to the outer
cylinder, the stress is considerably lowered. In this cHse,shear stress between the
winding and outer supporting cylinder is less ti3aviPa. This low value of shear stress
will allow the winding and support cylinder to be mechanlgabupled through an epoxy
impregnation without applying any axial prestress to thading (as was done for the
ZEUS and BaBar magnets). Epoxy impregnation can supporear stress higher than
30 MPa, providing a high safety margin. This leads to a simplificatand cost saving in
the winding fabrication.

The current design causes axial decentering forces on theueoto the iron asym-
metry and a residual force dfMN is applied to the winding. A more careful design
of the backward shield can help reduce the amount of thiswasiaxial force by some
10%: nevertheless, this force has to be supported by spedjfidafiigned and calculated
structures. For this purpose, 8 axial bars, made of higisteexe Titanium alloy, have
been foreseen, together with 16 radial bars, which accautihé weight of the barrel and
possible forces due to a misalignment of the assembly wipeet to the central axis.

12



Parameter | Value |

Conductor Type NbTi

Pure Al-stabilized

Co—extruded

Aluminum RRR > 500
Conductor Unit Length 1.5km
Number of Lengths 6
Bare dimensions 3.3 and5.15 x 24.6 mm?
Insulated dimensions 3.7 and5.55 x 25 mm?
Superconducting Cable Rutherford type
Dimensions 9 x 1.23 mm?
Strands Diameter 0.84 mm
Number of Strands 20
Cu/Sc 1.8
Filament Diameter 20 pm
I(B=25T, T=45K) > 10kA
Insulation Type Fiberglass Tape
Insulation Thickness 0.4 mm

Table 4: Conductor parameters.

While the preliminary analyses described above decoupleéffects of radial and
axial magnetic forces on the coils and support cylinderragmehensive 3D FEM analysis
has been made simulating the coil and cylinder assemblyruhdeffect of the magnetic
field during nominal operations. The results of this caltata(see Fig. 8), confirming
previous analyses, are pointed out below:

e The radial pressure generated in the windings causes tbeeapuminium stabilizer
to exceed its elastic limit, showing permanent deformatiafter the first charge.
Nevertheless, the amount of the plastic deformations iigiklg and stresses will
remain within the elastic range during the subsequent elsarg

e The shear stress transmitted through the epoxy resin tduthreraum support cylin-
der is fairly low if compared to the resin capabilities.

e Stability of the whole assembly is ensured by the Al 5083 ahiutnm barrel. The
analysis show that the cylinder is capable to contain theakratd axial deforma-
tions of the windings without showing permanent defornragio

e Axial and radial supports have also been included in the inotee decentering

13



forces caused by the asymmetry of the return flux and the weigihe assembly
are well supported by the suspension system, the stresleegatad for the bars
being well below the elastic limit for Titanium alloys (Ti AV or Ti 5Al 2.5Sn).
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Figure 8: Stress on solenoid coil, barrel and supports.

Table 5 shows the main features of the cold mass. The valaegwen at a tempera-
ture of4.2 K. The dimensions at room temperature are higher by a facappmbximately
1.004.

Electrical Insulation

Electrical insulation is an important aspect of solenoidigie and manufacture.
Two categories of insulation are required: ground planalaten between the coil and
support cylinder, and turn—to—turn insulation.

e The ground plane insulation must operate at relatively higtages during quench
conditions and will be subjected to strict QA controls. Thesidn of the quench
protection systems is based on a maximum voltage to groub@)df. The ground
plane insulation will be made by(a8 mm layer of fiberglass cloth inserted between
the support cylinder and the solenoid outer layer duringatimeling. Summing up
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this insulation layer to the cable insulation we get a gromsdlation of~ 1. mm
We are confident from the previous experience on similamsods (BaBaR, Zeus,
CMS) that this ground insulation thickness should be adeqteawithstands the
quench voltage of- 500V The insulation will be fully tested a2 kV along the
winding process. At the end of the ground plane insulatiolh va fully vacuum
impregnated with high strength epoxy resin.

e The conductor will be insulated with a double wrap)of25 mm glass tape during
winding to give an insulation thickness @2 mm (80% compacted). The resulting
turn—to—turn insulation thickness will B4 mm and will be fully impregnated in
the bonding process. Electrical tests will be carried outrduwinding to detect
any failure of insulation. The tests will include regulamtinuous testing for turn—
to—turn and turn—to—ground insulation.

4.3 Quench Protection and Stability

Protection Concept

The solenoid will be protected by an external dump resistackwvwill determine
the current decay under quench conditions and allow extraof 75% of the stored mag-
netic energy. The quench protection concept is shown in figanél quench parameters
are given in table 6. The protection concept is based on two ongeria.

Since the calculated stored energy for the magneti8 MJ at an operating current
of 5000 A, an inductance of.6 H is expected. To have a sufficiently fast and effective
guench spreading and energy extracio, 1&2 was chosen. The time constant of this
circuit during a fast discharge is 36 s.

e A voltage limit of 500 V across the solenoid applies during fast discharge. Center-
tapping of the fast dump resistor to ground will limit the tagle to ground t@50 V.
The center—tapped resistor will also allow the measuremfegriound leakage cur-
rents as a safety and diagnostic tool.

e An upper temperature limit of00 K applies during quench conditions. This limit
will give very good safety margins against peak temperatise and thermally
induced stresses at quench.

Quench Analysis

A preliminary quench analysis of theANDA solenoid has been made using a
code developed for indirectelly cooled solenoid desigre @tde models the thermal and
inductive behavior of the solenoid in order to account foemgh—back effects and heat

15



Parameter | Value

Winding:

ID 2090 mm
oD 2190 mm
Length 2695 mm
Weight 2.0t
Supporting Cylinder:

Material Al alloy 5083
ID 2190 mm
oD 2290 mm
Length 2775 mm
Weight 3.1t
Ground Insulation:

Material Fiberglass epoxy
Thickness 0.8 mm
Total Solenoid Weight: 5.1t

Nuclear Interaction Length:
(Assuming Aluminum)
Maximum 0.2 Aing
Minimum 0.15 Aing

Table 5: Cold massi(5 K) parameters.

transfer to the support cylinder. This analysis shows thahgh—back is predicted about
two seconds after opening the protection circuit breakers.

Several different calculations were performed (courte$+@ Superconductors,
formerly known as Ansaldo superconductors), simulatingcalltemperature rise in dif-
ferent locations on the coil. It was seen that the worst 8dnas encountered when
he quench is generated in the downstream, internal coil.td@in@erature of the various
windings are reported in fig. 10: never in any simulation the tempegatun the su-
perconducting cable exceedédK, and in every situation the temperature, after a short
period, drops te- 40 k.

The role of the coil former as a quench spreader has beeredtadmparing the

1The coils are numbered this way: 1. external upstream; 2reat central; 3. external downstream; 4.
internal downstream; 5. internal central; 6. internal tgesn.

16
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Figure 9: Solenoid power and and quench protection concept.

temperature rise with and without the coil former itselistbase is similar to the one of a
coil former made of a poor heat and current conductor, susteaidess steel, carbon fibre
or similar. Even in this configuration, the quench remainstid to the coil in which is
started and in the closest one, and the temperature dogsat@s30 K.

Fig. 11 shows the voltage a the ends of each winding and threrduin the coill
after a quench: a time constantof16 s is otbained, confrming the value of inductance
of ~ 1.6 H obtained from pure magnetic calculations.

Stability

The PANDA solenoid coil will be indirectly cooled using the technojogstab-
lished for existing detector magnets such as DELPHI and ALEFhe reliable operation
of those magnets has demonstrated that safe stability nsazgn be achieved using high—
purity, aluminum—clad superconductors in a fully bondadirectly cooled coil structure.

Conductor stability has been estimated using an analyslis itoorder to establish
the minimum quench energW{Q E) for transient heat pulses. The compufdd) £ =
1.4 J. The computed minimum quench lengti () 2) is 0.6 m.

These margins are considered to be safe folPA&DA solenoid due to its low—
stress design. The stability margin will be optimized dgrihe full design study.
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Figure 10: Temperature after a quench as a function of timeh®6 windings in the
worst situation (courtesy AS-G Superconductors).

4.4 Cold Mass Cooling

Cooldown

Cold mass cooldown is accomplished by circulating coldumelgas either directly
from the refrigerator or from a storage dewar with gas mixing

Operating Conditions

Under operating conditions, the cold mass is cooled by kting two—phase he-
lium in pipelines welded on the coil support cylinder. Th@lag circuit will be driven
either by forced or natural (thermo—syphon) convectionis Téchnology is established
and yields the simplest operational mode. The thermo—sypboling circuit is designed
for high flow rates to ensure the correct quality factor far Helium. The circuit is fed
through a manifold at the bottom of the support cylinder. Tbeling circuits are welded
to the support cylinder surface with a spacing~of).3 m to limit the temperature rise.
The cooling pipes terminate in an upper manifold. The cinatll be designed to provide
operation during quench conditions. In order to confirm ¢h@ssumptions, a finite ele-
ment model of 1/8 (thanks to the axial symmetry) of the cakrél has been developed.
With the estimated static heat loads (reported in the nexigsaph), a pipe diameter equal
to 20 mm and a liquid helium mass flow @B g /s, the maximum temperature rise is equal
to 0.31 K with reference to the design temperature 6fK (see Fig. 13). The conceptual
layout of the cold mass cooling circuit (forced convectiotusion) is shown in fig. 12.
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Figure 11: \Voltage and current after a quench as a functidina for the6 windings
(courtesy AS-G Superconductors).

Heat Loads.

The estimated static heat loads for the solenoid are givésbile 5. Eddy current
heating in the support cylinder will cause additional heeatdls during charging of the
solenoid. However, for a solenoid charging time30fnin, the estimated transient power
is 8 W, which is small compared to static heat loads.

4.5 Cryostat Design.

Vacuum Vessel.
The cryostat consists of an annular vacuum vessel equipfibdadiation shields
and superinsulation. The vacuum vessel is designed tdysatimimber of basic criteria:

1. Support vacuum loads in accordance with recognized presgssel codes;
2. Carry the cold mass and radiation shield weight throughribulating supports;
3. Support magnetic loads (107 metric tons of axial forcesing) nominal operations;

4. Operate with deflections of less than 1 mm under all loadsnwhounted in the
flux return barrel;

5. Carry the weight of the inner detectors (The calorimeténa weight is 18 metric
tons. The calculation has been made with a magnifying faufttrl5);
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Parameter | Value |

Operating Current 5000 A
Stored Energy 20 MJ
Inductance 1.6H
Quench \Voltage 500V
Protection Resistor 0.1Q
Time Constant ~ 15s
Adiabatic Peak Temperature 100K
Overall Current Density: Conductor 154 A /mm?
Conductor 2| 36 A/mm?
Aluminum Stabilizer RRR Zero Field 1000

Table 6: Quench parameters

The vacuum vessel is designed as two concentric cylindehsthick annular end
plates, all of aluminum alloy 5083; its basic parametersgaren in table 8. The mini-
mum thickness of the different parts composing the cryasttcalculated according to
ASME Code for Pressure Vessels. A preliminary finite elenfBff) structural analysis
of the vessel has confirmed that design criteria-(#) can be met with reasonable safety
factors. Maximum vessel deflections are less thamm, and stress levels peak up to
70 MPa with all loads applied (see Fig. 14). The cryostat can alsmbde of AlSI 304
Stainless Steel; in this case, a decrease of deformahiliyaa increase of stress level is
expected.

Thermal Shielding. The cryostat is equipped with radiation shields, which afeer
at 40-80 K, and superinsulation. The shields are cooled lyrh@as supplied directly
from the refrigerator. About 30 layers of superinsulatieparate the vacuum vessel walls
from the radiation shields. Another five layers will be inlgd between the shields.

Services. Cryogenic supplies and current supplies are connected &aervices
turret to the cryostat through the service chimney in thé&wacd end door. Current leads
and local control valves are mounted in the services turret.

We foresee to use standard copper counterflow cryogeniertugads rated to the
running current of the magnet: this means a LHe consumptiotvd/h. Cryogenic
relief valves are also mounted in the service turret for gheand refrigeration failure
conditions.
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Figure 12: Cold mass cooling circuit. The cryogenic supglymmey passes through a
cutout in the backward end of the barrel flux return.

4.6 Coil Assembly and Transportation.

The coil will be assembled inside the cryostat at the manufacs plant. Electrical and
cryogen connections will be made at the chimney so that tilecan be tested before
shipping.

A complete cooldown will be carried out from room temperatto the operating
temperature oft.5 K. The cooldown will allow checking of cooling time, temparsg
control, heat loads, and full operation of sensors. A magmest will also be performed
at low field 0% of the operating current) to check superconductor operatte joint re-
sistance, and the additional losses due to the eddy cuirethis outer structural cylinder
at the coil ramp-up.

Before delivering the magnet, but after the tests at thefgcthe end flanges will be
dismounted to allow a hard connection of the cold mass tomyestat walls. Depending
on the transport facilities, the cryogenic chimney may d&salismounted. In this case,
the electrical and cryogen connections also must be distaduand protected against

21



AN

NCDAL SCLUTICN NCV 28 2006

STEP=1 14:45:02
SUB =1 PIOT NO. 1
TIME-1
TEMP (AVG)
RSYS=0
SMN =4.559
SMK =4.817
Pis
4.559 4.616 N7 4.672 4,728 4,785
4.587 4.644 4.7 4.757 4.817

Solenoid Coil & Coll Former

Figure 13: Cold mass cooling circuit. Temperature distidouin one eight of the assem-
bly - nominal condition.

breakage.

5 Cryogenic Supply System and Instrumentation.

Operation of the superconducting solenoid requires bgtldi helium and cold helium
gas Q0 K — 100 K) for cooldown and refrigeration of the thermal shields. amsys-
tems have been used successfully throughout the HEP cortynunisummary of the
cryogenic loads is given in Table 7.

The solenoid is equipped with a full set of instrumentatiensors for monitoring,
control, and diagnostic purposes. Instrumentation iresu@mperature sensors for the
cold mass, shield cryogen flow monitoring, and strain gaug#se coil support cylinder.
\oltage taps monitor the electrical resistance of the cotatyoints and quench detection.
The quench detection systems are hardwired to interlodks.sblenoid instrumentation
and controls are integrated with the BABAR experiment arfidgeration controls.

The liquid helium plant, which is fully automatic, is furiisd with a process control
system and all requisite logic and software necessary fapairational modes. Control
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Figure 14: Vacuum Vessel FEM model, equivalent stress Wiitbads applied.

and monitoring of the cryogenic plant and the magnet cogetber with remote control
and monitoring of the compressor room, is carried out frorardrol room adjacent to the
plant room. Main operating parameters are interfaced WigfPANDA data acquisition
and monitoring systems.

6 Flux Return.
6.1 Overview.

The flux return assembly provides the external flux path ferrttagnetic field from the
superconducting solenoid. The flux return also providegtheitational and seismic load
path for the barrel detector components to the concretedfation.

The flux return assembly consists of a barrel, four exterappert legs, two sets
of end doors, roller mechanisms, and vertical adjustmestesys. The design of the flux
return and its components reflects the limitations of thesarpental hall.

End door components must be movable once the detector imblezkto allow
maintenance access to inner detector subsystems. Tha aéshge flux return provides
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| Magnet Heat Loads at 4.2K |

ltem Parameter Load
Cold Mass 5000 kg
Total Surface Area 44 m?

Radiation Heat Flux (Design) | 0.07 W/m?
Radiation Heat Load (Design) 3.1W

Conduction Heat Load 22W
Cable Joints max2 W
Cryogenic Chimney 10W
Gas Load 1W
Eddy Currents(500 s ramp time) 10 W
Total 4.5 K (SF of2) 57TW

| Magnet Shield Heat Loads at 60K |

Item Parameter Load
Shield Mass 1000 kg
Total Surface Area 44 m?
Radiation Heat Flux (Design) 1.3 W /m?
Radiation Heat Load (Design) 57TW
Conduction Through Supports 17W
Conduction To Shields 150 W
Diagnostic Wires 1W
Gas Load 2W
Eddy Currents1(500 s ramp time) 10W
Total 60 K 237TW

Table 7: Cryogenic heat loads.

a means for proper alignment of all flux return components waspect to the detector
magnet and the beam line. This alignment must be reestelliafier maintenance is
performed.

Analysis of the Flux Return.

The flux return analysis will investigate the overall stuurel integrity, including
that of the supporting structures. This includes lookinglithe components and connec-
tions involved in the operation, assembly, and seismicitggdof the structure. Operating
loads for the barrel include both the gravitational and tiagnetic forces. Assembly loads
include any additional fixture weights that need to be atdaturing assembly.
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| Envelope Dimensions

Inner Radius 950 mm
Outer Radius 1340 mm
Length 3100 mm
Inner Cylinder Thickness 10 mm
Outer Cylinder Thickness 30 mm
Annular End Plates Thickness 50 mm
Materials AL5083, AISI 304

| Design Loads |

Vessel Weight 6t
Cold Mass 5t
Calorimeter 18t
Other Detectors 3t

Table 8: Vacuum vessel parameters.

6.2 Barrel Flux Return Description.

The barrel flux return assembly extendi$50 mm in z, and the center is positioned
650 mm from the interaction point in the positive direction. The barrel flux return
extends radially from the detector axis frd@0 mm to 1840 mm and consists of equal
sectors that form an octagonal shape. The sectors condibads with multiple steel
plates oriented parallel to the axis of the solenoid.

The inner and outer parallel plates of each block are weldeda rigid superlayer
using full penetration welds along their entire thicknesthie radial direction (perpendic-
ular to the beam line). The sectors are kept in place with esysf welds and supports
that makes the whole barrel sufficiently rigid to keep all thagnetic and gravitational
forces. The structure foreseen to host the muon chamberswsited independently with
the same technique.

The use of double block construction for each of the octalggetiors of the barrel
flux return ins’t sufficient to provide a significant safety ngia with respect to thes t
rated capacity of the overhead crane in experimental halindunt the barrel, a dedicated
machinery from the outside will be used. The weight of theddatux return is180t
excluding the external support legs.

Muon chambers structure.

In downstream direction several layers of muon detect@Sa@eseen. The first
double—layer will be mounted between the outer surface efctiyostat and the inner
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surface of the barrel, starting at= 750 mm w.r.t. the interaction point. The presence
of this element is needed to achieve a rough tracking of losvggnmuons: on the other
hand, this imposes a gap between the cryostat and the badedaadditional radial
supports are needed.

An “E” structure is foreseen outside the barrel, made of Hmessteel of the barrel
itself, to contain two single—layer muon detectors see fig). JAnother double—layer
will be mounted outside this structure. The steel act as ppstofor the muons and
the magnetic field causes a deflection of the tacks, so amwe&m&irgy sensitivity can be
achieved even with a so small number of active elements.

150 1665 200 150

it |

g%

7 %55

u chambers
positions

1640

front

IR
N3

Figure 15: Particular of the muon housings in the flux retukey

External Support Legs.

Two external support leg assemblies provide the gravitatiand seismic load path
from the barrel flux return to the concrete foundation. Easembly consists of two legs
positioned3200 mm apart inz. The legs are fabricated frof®) mm-thick structural steel
plates.

Included at each support leg isl@0 t capacity roller and 450t capacity jack.A
preformed fabric pad is positioned between the jack anddlter to add compliance to the
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system. The horizontal spacing of the jack and roller asiemis nominally5000 mm.
Each support leg is approximately50 mm in length,1400 mm in width, and2000 mm
in height. The weight of each support leg assembly is apprately20 t.

6.3 End Door Description.

The forward and backward end doors are an array of steelspthtd form a regular
octagon with a central round hole. Both in upstream and dteas direction the end
caps are vertically divided in two halves and can be openttpdeple operate inside the
barrel.

Each end door is mounted on a skid that permits it to be raised lsigh load
capacity rollers by hydraulic jacks and to be moved on trém&ated in the experimental
hall. This provides a means to move the end doors into prdggmaent with the barrel
prior to being bolted in place, and to be moved away from threeb&or maintenance
access to the detector. The center of gravity of the end diadegis high compared
to the depth of the base. The skid provides additional statdlring the horizontal
accelerations experienced during moving or seismic events

During operation, the magnet exerts an inward axial fore¢ ¢huses a significant
bending moment on the end door plates. The downstream end dtsm support the
weight of the shielding screen of the dipole magnet and cdneyaxial magnetic load
induced in the plug. To resist gravitational and seismid$pand to limit the plate stresses
and deflections, all the end door plates are joined togethéortn a single structural
member.

The design of the end doors permits each door to be assemidedisassembled
inside the experimental hall with the existing facility sea Each end door is therefore
composed of two weldments that are fastened together atlatgin. The inner weldment
consists of fours0 mm plates, with each plate welded to a channel-shaped frane tha
extends along the top and bottom of the octagon shape and @derboundary between
the right and left doors. Additional stiffeners are reqdite stiffen the weldment and help
maintain the necessary gap for the muon chambers. The oatém&nt consists of three
50 mm plates welded together with similar stiffening memberse @etailed analysis of
the response of the plates to the magnetic force distribusimot yet available, nor has
a detailed seismic analysis been done for the end door pl&&®ral design options are
being studied that can provide the necessary strength dimess.

The inner and outer weldments are joined together at iasi@t by bolting each
weldment to the top of the skid along the bottom of the octagad by bolting tie plates
around the remaining perimeter of the weldments, exceptevtiee shielding plugs are
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located. The outside tie plates are bolted in place aftenthen chambers are installed,
and provisions for cabling are provided in these outsideeplaThese tie plates are also
used to attach the end doors to the barrel of the flux return.

In upstream direction, the diameter of the hole is fixed byrdwius of the DIRC
used for PID: its design radius 0 + 600 mm, so the hole radius i800 mm, in order
to house the trimming coil used to reduce the stray magnetid fn the DIRC PMT
region. The end cap has an octagonal shape and fits the donerdwi the return flux
barrel: the distance between two side8G80 mm. The gap between the two weldments
is left vacant (except for stiffeners): the outer weldmenes as a clamp for the fringe
field which cannot be brought by the inner one.

In downstream direction the diameter of the hole is fixed l@ygeometrical accep-
tance of the detector: since the dipole part of the detestorténded to cover an angle
of 10° around the beam axis, an opening60f mm is needed to let particles exiting at
small angles get out of the flux return. The distance betwaerfdr sides of the octagon
Is 4480 mm. The gap between the two weldments hosts a single—layer ohmiiambers
and a double—layer is foreseen just out of the outer weldment

End Door Skids.

Each end door is mounted on a skid that is equipped withToticapacity rollers,
and four45t hydraulic jacks, one in each corner, which allow each of thersl to be
moved relative to the barrel for maintenance access. Tlersaide on hardened steel
tracks that are permanently located in the flooPAINDA hall.

The end doors are bolted either to the barrel of the flux reteran in the oper-
ating position or to seismic restraint brackets when in thek@d position. While the
doors are being moved, tI3@ t counter weight provides lateral stability for a horizontal
acceleration 00.3 g.

6.4 Options and Detailed Design Issues.

A detailed stress and deflection analysis is proceedinghiofinhalized overall envelope
dimensions. A detailed magnetic field and force analysidhefeénd doors ensures that
they will have adequate strength and stiffness to meet alfrg¢lquirements imposed on
them. The tolerance on plate flatness must be defined togeitiethe envelope dimen-
sions of the Muon Chambers. Standard mill tolerances fdelatness do not meet our
requirements for the end door plates to permit reliable MsZailtation; these tolerances
exceedl5 mm, half the nominal gap width. This issue, together with wektattion in
the plates during fabrication, must be resolved with bothgtate supplier and the bar-
rel and end door fabricator. Other manufacturing toleramoeast be established as the
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system interface dimensions are finalized.

Figure 16: Step 1 - Outer base plates placement on back digtpature

Figure 17: Step 2 - Inner lateral plates placement on sugprartture

29



Figure 18: Step 3 - Inner top plates placement on lateragpl@n internal support stand
is recommen ded)

Figure 19: Step 4 - Outer top plates placement on inner tadppla
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6.5 Procurement, Fabrication, Assembly, and Schedule.

The barrel and the end doors will be built by the same falwicas part of the same
procurement contract. This will eliminate some duplicatiio the review of vendor qual-
ifications, quality control plans and actions, and many i@mtadministration issues. In
addition, control of other characteristics of the plateenat, such as the chemistry of the
plates as it affects weldability and machinability, the meedcal properties of the plate,
etc., may be more easily tracked by having one set of acospiaspection criteria from
one supplier for all plates.

The barrel and end doors will be fully assembled and inspleatéhe fabricator’s
shop. In this way, any problems that arise can be solved &diioal assembly in the
PANDA hall. This will also permit a thorough review of the assemptpcedure by
an experienced fabricator and ensure that the necesdamg Bind assembly fixtures are
functional and are provided with the barrel and end door® détails of the fabrication
and assembly plan will be developed by the fabricator subgethe review of the respon-
sible design engineer in tA’RRANDA collaboration. A proposal for the assembly sequence
is provided in Figures 16 to 19.
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