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Table 1. Magnet Characteristics

M agnetic Parameters

Bending power

Bdl=4Tm (10m trad length)

Non-uniformity of B dl

<+ 5% in accetance
(hor.: £300mrad, vert.: +250 mrad)

Excitation current

NI =2x1.3MA

Eledric power disgpation P.,= 4.2MW
Stored magnetic energy W, ~32MJ
Inductance L~2H

Coail and Current

Coail structure (two coil s)

15 mono-layer pancakes per coil

Total number of turns

N =2x225

Conduwctor materid

Aluminium Al-99.7

Conductor crosssedion

50mmx 50 mm

Codling water channel @ =24mm

Conductor length Lc~ 290m per pancake
Current in condwctor | ~5.8 KA

Current density o ~ 2.9A/mn?

Tota resistance R=125mQ @ 20 °C
Total voltage drop (two coil s) U=~730V

Codling

Codling requirements

all pancakesin parall el

Total water flow

b~ 125m’/h

Pressure drop d codling water

Ap~10br @ AT =30 °C

Mechanics

Sted quality of yoke

Outer yoke dimensions

hor x vert x beam: 1Imx8mx2.6m

Useful wedged aperture
(upstream ==> downstream)

hor: 2.6m==>4.2m
vert: 2.2m==>3.5m

Total magnet extensionin beam dired.

L,5m

Weight of yoke

M, ~ 1450ton

Weight of coil s

M.~ 2Xx 25ton

xii
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EN S235JR, (old nams: Fe360B, St37-2)
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1. I ntroduction

LHCb is an experiment at the Large Hadron Colli der (LHC) at CERN to provide
predsion measurements of CP violation and rare decass in the B-meson system. The
high centre of mass energy and luminasity of the LHC combined with the dficient
trigger of the experiment, including on-line detedion d secmndary vertices, will give
unprecadented dstatistics for many physics channels. Particle identificaion will
significantly add to the power of the experiment. The physics goals and dktail s of the
detedor design are described in the Technicd Propacsal [1-1].

LHCDb exploits the forward region d the pp colli sions and requires adipdle field
with a free gerture of £300 mrad haizontally and £250 mrad verticdly. Trading
detedors in and rea the magnetic field have to provide momentum measurement for
charged particles with a predsion d abou 0.4% for momenta up to 200GeV/c. This
demands an integrated field of 4 Tm for tradks originating nea the primary interadion
point. A goodfield uriformity along the transverse w-ordinate is required by the muon
trigger. The lateral aperture of the magnet is defined by the longitudinal extension d the
detedors, placead upstream of the magnet. A view of the detedor layout is srown in Fig.
la and 1b.The eperiment will be installed in pit 8 of the LEP collider, the cavern
presently occupied by the DELPHI detedor.

For the Technicd Propcsa a window-frame magnet with supercondicting
bedstead coils and haizontal poe faces had been assuumed, based on a cnceptual
design from P9 [1-2]. Contads with industry reveded that the compli cated shape of the
coils and the high magnetic forces of around 170torym would lead to high cost and
mechanicd risks. LHCb has, therefore, moved to the design of a warm magnet. To
reduce dedricd power requirements to abou 4.2 MW, the pde faces are shaped to
follow the accetance angles of the experiment. For the same field integral of 4 Tm, the
poe faceinclination introduces sgnificantly higher fields nea the entrance window.
The dfeds of this increased field onthe tracking chamber performance and onsevera
physics channels have been studied in detail [1-3]. The dfeds on plysics performance
turned out to be wedk. In the external sedions of two of the tradking chambers the time
window of drift signal detedion is increased significantly but stays within the acceted
limit of 50 ns.

Besides the warm magnet described in this report, the option d a
superconducting magnet of the same pole face geometry, but with simpler ‘racetrac’
coils has been studied. The cnclusion d this comparative study is unambiguos:
besides sgnificantly lower costs (the bre&k-even pant for construction and operation
costs lies beyond 10yeas of operation), faster construction and lower risks, the warm
coil s offer additional advantages, which are very important for LHCb. A warm dipde
permits rapid ramping-up d the field, synchronous to the ramping-up d LHC magnets,
aswell asregular field inversions.

The LHCb Coll aboration, therefore, adopted a warm dipole magnet. This choice
was fully suppated by the Magnet Advisory GroupMAG of the LHCC[1-4].
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2. Dipole Design

2.1 Overview

Various coil shapes and yoke geometries have been studied, including simple
racetradk designs [2-1], leading finaly to the design sketched in Fig. 2.1.1,as viewed

from the larger aperture side of the magnet. A phao of a 1:25 model is shown onthe
cover page.

7600

Fig. 2.1.1 Perspedive view (EUCLID), without shims

The magnet consists of two trapezoidal coils bent at 45° onthe two transverse
sides, arranged inside an iron yoke of window-frame configuration. The magnet gap is
wedge shaped in bah vertica and haizontal planes, following the detedor acceptance
In order to provide spacefor the frames of the trading chambers positioned inside the
magnet, the planes of the pde faces lie 100 mm outside the £ 250 mrad verticd
accetance and the shims on the sides of the pole faces 100 mm outside the + 300 mrad
horizontal acceptance The horizontal upstrean and dowvnstream parts of the coils are
mounted such that their clamps and suppats do nd penetrate into the deaance ©ne
defined abowve for the frames of the tracking chambers.
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The wils are omposed o individual pancekes, which will be cnreded
hydraulicdly in paralel and eledricdly in series. The wils have been designed such
that enough spaceis avail able in the horizontal aperture to maintain and exchange the
eledronics of the tradking chambers. The iron yoke will be assmbled from low carbon
sted plates of 80to 100mm thickness

We dhoase aright-handed co-ordinate system with the origin at the interadion
point and the z-axis along the beam diredion, panting towards the muon system; the y-
axis paints upward and x horizontally (seeFig. 2.1.1). The symmetry axes of the dipde
follow the same diredions, with the principal field comporent lying along y. The line
conreding the ceantres of the pole faces passesthrough z=5.3m.

The principal magnet parameters are listed in Table 1 (page xii). The value of
the arrent given in this table is abou 8% higher than the value required for a bending
power of 4 Tm (integrated from z = 0 to z = 10 m), acarding to 3-D cdculations with
TOSCA (seeSedion 3. Thisisto alow a safety fador to cover pading uncertainty due
to deviations from flatness of the sted plates. The values for the B-H relation in the
TOSCA cdculations were taken from a measurement of a sted sample of standard
quality Fe360B.

2.2 Cails

2.2.1 Coail construction

For reasons of costs and reliability, Aluminium is chosen as conductor material
for the wils. A coil is assembled from 15 individual monolayer pancakes. Ead
pancake is woundfrom an extruded conductor of sufficient length to buld a mono-layer
pancake of 15 turns. No welding is foreseen at the condwctor bends of 400 mm radius.
The optimum current density for Aluminium coils is usualy in the range of 2 to 4
A/mn?. To prodwce a ©il with a high pading fradion o conductor material and to
keep the voltage drop aaossthe il | ow for safety reasons, it is preferable to use alarge
condctor crosssedion. The design is based on a square @nductor of 50 x 50 mn?
crosssedion with a centra 24 mm diameter bore for water codling. The four corners
will be rounded off with a radius of 3 mm. The conduwtor will be extruded from pure
Aluminium Al-99.7in an anneded state, having an ohmic resistivity below 28 mdm at
20°C.

Eacdh pancake will be woundfrom an extruded single length conductor of about
290m length. The conduwctor has to be delivered to the winding fadlity on spods with a
large inner diameter of 2 to 3 m. No damage to the conductor is alowed duing its
winding onto the spods.

In this magnet design al indvidual pancekes of a il are of identicd
trapezoidal racetradk shape and woundin the same diredion, kefore being bent by 45°.
This alows a serial produwction o the 2 x 15 pancakes for the two coils withou
modification d the large motorised winding table. Figure 2.2.1gives the layout and the
principa dimensions of the flat pancake before its bending by 45°.
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Section A-A

R 400

R 400 ,,—‘i:i;:'

2432
v

\
4640

5600
7990

#

v

Fig. 2.2.1 Individual pancake (before bending) and its crosssedion

The trapezoida shape of the flat racetradk pancakes was chosen such that the
two coil s after bending by 45° do no touch ead ather at their smaller gap (upstream)
side but are still relatively close to ead ather at their larger gap (downstream) side. For
this reason, the trapezoidal angle is larger than the horizontal aperture of + 300 mrad
and the centre line for the 45° kendis only abou 250 mrad. The transversal width o the
pancakes was chasen such that the 45° kending does nat enter the bend d the conductor
at the “corners’ of the trapezoidal racetrad.

The winding of the individual pancakes and their bending by 45° is foreseen to
be dore withou the insulating tape aoundthe cnductor. During winding and bending,
enowh spacefor the insulation tape and the resin has to be provided by appropriate
spaces between neighbouing turns or successve pancakes. The smallest bending
radius of 400mm is rather large to keep the keystone deformation kelow 3 mm, making
possble asubsequent reduction to below 1 mm. This can be dore during the winding of
the flat pancakes by rolli ng the condwctor between appropriately spaced roller pairs. The
roller axis sroud have an dffset angle with resped to the centre of the bend such that
the keystone-materia isrolled towards the inside of the bend.

4
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The 45° bending of the individual pancakes has to be dore with a hydraulic
press on a spedal table with variable bending radii depending on the position d the
pancakes in the wils. This bend will again produce akeystone deformation o the
conductor. Its remova is now more difficult but absolutely necessary to guarantee
enough spacefor the glassfibre tape and the resin. The remova can here be dore by
grinding. To alow access for the grinding device the bent panceke turns have to be
pulled apart spirally. The pancakes have to be caefully cleaned after removing the
keystone deformation.

The insulating tape has to be wound around the conductor such that it is half
overlapping. This is dore dter the 45° bending with a small tape winding machine,
normally available & the il manufadurer, to avoid any damage of the insulation
during the winding and bending process To crede spacefor passng the tape winding
machine dong the onduwctor, the cnduwtor turns have ajain to be pulled apart
successvely, starting at the upper condtctor end.

Two passhiliti es for the @il production are mnsidered and will be discussed
with industry. In bah cases the bending radii for successve pancakes have to be chosen
such that no free spacebetween neighbouing pancakes is left after stadking one on top
of the other. In the first approach, a il is assembled from vacuum impregnated and
completely finished individual pancakes, separated from ead ather by two thin Mylar
foils. The il gets its medchanicd stability only after the pancakes of the il are
clamped together. These damps are dso used for the transportation d the wil and to
suppat and fix it in the magnet. This arrangement reduces internal medanicd stresses
e.g. dwue to temperature differences. Furthermore eab individua panceke can be
caefully inspeded and tested before wil assembly.

In the second approadh, the individual glass fibre taped pancakes are stacked
together and the @il is vaauum impregnated as one single unit. Its internal mecdanicd
stability is then guaranteed from the beginning. The danger of this approad lies in the
volume of the il , which requires avery careful control of alarge anourt of resin over
a long filli ng time, to avoid any resin-free pockets. These pockets can na be repaired
after the aring of the il and may lead to coil damage on pavering.

The redangular crosssedion onthe upstream and davnstream parts of the il
is kewed on the part bent by 45°. Figure 2.2.2 shows the il clamps and suppat
structure required to keep the skewed coil sediontogether andto fix it to the yoke, for a
coil assembled from individual pancakes. The damps and suppats have to take up the
magnetic forces of maximum 94 tor/m (see Sedion 3.4 and to transmit them to the
yoke. Their detailed design is gill being optimised.

For shortest serial eledricd connedions between successve pancakes, their
winding diredion hesto be dternating. This can be adieved by either winding half the
flat pancakes in the oppdasite diredion a by winding always in the same diredion and
by turning ead second pancake upside down.
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Fig. 2.2.2 Cail clampsand support structure

The two coils oud then be mnstructed identicdly in the sequence of winding
diredions of the pancakes and their correspondng 45° bend. Each radius tting of the
45°-bending device will be used to produce two identicd pancakes, ore for ead coil .
All eledricd and hydraulic conredions haveto be & the downstream side of the magnet
because of the spacerestrictions between coil s and shielding plate & the upstream side.
All pancakes of the two coils are hydraulicdly in paralel. To avoid high thermal
stresses of the resin at the pancakes, the water inlet for both coils is at the outside.
Figure 2.2.3shows the layout for the dedric and hydraulic conredions.
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2.2.2 Testsbefore and during Coil Manufacture

Before extruding the full condwctor quantity needed for the il production,
conductor pieces of sufficient length and d the @rred crosssedion have to be sent to
CERN and to the wil manufadurer. These mndwctor pieces fioud contain transition
sedions (extrusion welds) when going from one Aluminium bill et in the extrusion press
to the next. These sedions $houd be dealy marked. They will be used to test the ohmic
resistivity, the medhanicd behaviour under high water pressure and uncér bending, and
to opgimise the tods and jigs for the pancake winding. The total quantity of condwctor
required for the two coils shoud only be produced after successul preparatory tests and
an agreament uponthe dedricd and medhanicd properties. The manufadurer has to
guarantee these properties for the whaoe production. The producer has to deliver the
conductor to the winding fadlity on large diameter spods of 2 to 3 m inner diameter,
eadt containing a single length conductor of abou 290m.

The il manufadurer has to guarantee the dedricd quality, high vdtage
insulation and geometrica dimensions of the different pancakes and d the assmbled
coils. The keystone deformation d the conductor during the winding and kending has to
be wntrolled and removed carefully. The @nductor has to be caefully cleaned before
being taped with glassfibre tape and vaauum impregnated. The insulation quality turn
by turn and turn to ground tasto be verified duing the whae production process

2.3 Yoke

2.3.1 Yoke Construction

The magnetic flux generated by the two warm coils is haped and guided by the
iron yoke. It produces a verticd magnetic field in the gap between the pole faces. The
yoke ansists of two identicd horizontal parts including the surfaces of the poe pieces
and two identicd verticd parts to close the flux return. The horizontal yoke parts are
arranged orthogonal to the plane of the @ils. This can be seen in the phao o the 1:25
model onthe aver page andin the drawing Fig. 2.1.1.Figure 2.3.1gives a perspedive
view of only the yoke.

The poe pieces are parale to the verticd aperture of £ 250 mrad with an
additional cleaance of 100mm for the frames of the tracker chambersto be installed in
the gap. This wedge shape produces higher fields at lower total excitation current than a
magnet with haizontal pole faces, for the same field integral of 4 Tm. This reduces the
eledromagnetic forces on the @nduwtor considerably and leads to acceptable
dimensions of the il crosssedion.

In the horizontal plane the pole pieces are trapezoida in shape. Their edges are
parall el to the £ 300 mrad aperture but moved ouwards by 600 mm © provide 100mm
spacefor the frames of the tradker chambers and 500mm for shims. These shims are
introduced to enhancethe field hanogeneity inside the useful horizontal aperture.
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Fig. 2.3.1 Perspedive view of the yoke, without shims

The il s follow the trapezoidal shape of the pole pieces. This reduces the total
condwctor length of the wils and thus aso the total eledricd power consumption.
Furthermore, it permits bending of the wils by 45° with oy small cut-outs at the
horizontal yoke parts.

The stronger magnetic field at the upstream side of the aperture requires a larger
amourt of iron in the horizontal and werticd yoke parts than at the downstrean side.
This can easily be acommodated in the two verticd yoke parts by having their aperture
sides parall e to the cut-outs of the pde pieces in the horizontal yoke and having the
outer horizontal and verticd sides of the yoke parall € to the beam axis.

The design o the yoke has to resped the boundry condtions given by the
existing cavern at pit 8 and its infrastructure. The hall i s equipped with two cranes, eah
of 40ton lifting cgpadty and d restricted lateral displacanent. For reasons of costs and
transportability by road, the magnet yoke parts will be assmbled from industria
standard rolled low cabon sted plates of 80 to 100 mm thickness The maximum
weight of a single plate shal not exceal 25ton. It isintended to re-use the existing rail
system, immersed in the concrete floor, to assemble and dsplacethe magnet. Figure
2.3.2shows a aosssediona view through the experiment hall with the install ation o
the LHCb detedor, the aane and the rail system.
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Fig. 2.3.2 Crosssedional view of the LHCb detedor hall
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2.3.2 Medanical Tolerances and Magnetic Properties

The dimensions of the largest plates for the horizontal yoke part are éou 11 m
x 2.8 m, and for the verticd one 4 m x 3.1 m. These large dimensions may require that
eat plate is welded together from two smaller plates. Such welding shoud be dore
withou affeding the magnetic properties and mechanica tolerances. Welds will have
negli gible influence on the magnetic properties, when they are performed at the verticd
symmetry line of the horizontal yoke plates or along a verticd cut through the verticd
yoke plates. Welding the plates together from smaller plates has to be dore with
minimal gaps and umost acarracy in order to avoid dstortions.

Accurate flame aitting with tolerances better than + 2 mm is acceptable to shape
al the plates and to produce the chamfers for welding if needed. Sharp edges and burs
shall be ground df. Rust and scde shoud be taken of by sandbasting. A thin
protedive paint is required for al plates. Madining of the plates is necessary at the
faces where the horizontal and \erticd yoke parts are in contad with ead ather, and at
the two pole faces. In addition, abou 16 hdes of 90 mm diameter have to be flame-cut
or drill ed into eat plate of the horizontal yoke parts and upto 12 hades into eat plate
of the verticd yoke parts. These hales will be used to tie the plates of the different yoke
parts together by M80 tie-rods.

The variation d the plate thickness fioud be below + 0.5 mm and the flatness
tolerance below 1 mm/m including the parts which might have been welded. The
magnetic indwction B at a field of 30 000A/m must be higher than 2 Tesla and the
coercive field must be lower than 240 A/m. These values are normally readed by
standard quality sted acording to EURONORM EN 10 025 & designation S235JR,
also referred under material number 1.0037.(Older designations are Fe360B, St37-2.)
Only sted plates of uniform chemicd composition and having undergone the same hea
treament will be used. Ring-shaped samples extraded from the manufadured plates
and representative for the whoe plate supdy have to be sent to CERN for
measurements of the magnetic properties before delivery of the platesto CERN.

11
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3. Field calculations

3.1 Analysismodelsin TOSCA and ANSY S

The magnet design was asssted by Finite Elements (FE) cdculations. First
results were obtained in 2-D computations using the POISSON programme. These
cdculations were followed by full 3-D analysis, mainly with the Vedor Fields TOSCA
programme, bu also with ANSY S. Some of the 3-D field maps were used in the LHCb
physics smulation programme to investigate the dfeds of field geometry and field
inhamogeneiti es on the detedor and plysics performance

The complete TOSCA 3-D model of the magnet is sown in Fig. 3.1.1.This
model was used to study saturation effeds in the magnet yoke, field inhamogeneities
and field integrals in the tradking volume from z = 0 to z = 10 m and to derive stray
field estimates in the region d the first Ring Imaging Cherenkov counter (RICH1). It
contains at the upstream side of the magnet two shielding plates to reducethe stray field
in the volume aoundthe RICH1 phdo-detedors. The first shielding plate, shown in
Fig. 3.1.4starts at z = 2300mm (just downstream of RICH1) and is 150mm thick. The
semnd ore starts after agap of 50 mmat z = 2500mm, andis 200mm thick.
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Fig. 3.1.1 TOSCA model
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All TOSCA computations used the measured B-H relationship o the iron, while
the padking fador of the laminated iron yoke was taken as 1. A physics smulation was
caried ou using a field map generated with the TOSCA model shown abowve, onagrid
gpadng of 10 cm in a volume of about 4 m x 4 m x 14 m (horizontal, verticd, axial
diredions). This field map includes the two iron shields in the upstream region, bu not
theiron d the hadron cdorimeter and d the muon system.

The geometry of the poe shims was roughly optimised using the POISSON
programme. The segmentation wsed in the FE analysisis sxownin Fig. 3.1.2.

29m

Fig. 3.1.2 Shimmed pole used for TOSCA models

The dependence of the field onthe iron properties has been evaluated. For iron
spedficaions ranging from very high to normal commercial quality 0.2 Carbon
content, no major effed has been found onany important parameter. We have,
therefore, dedded to use standard quality sted, whose designation is S235JR acarding
to Euronam EN 10025.The B-H curve used for the analysisis snown in Fig. 3.1.3.

In order to compute the downstream stray field in the region d RICH2 and the
muon chambers, the model was extended from z =- 4 m upto z = 21 m, including the
structured iron d the hadron cdorimeter and the block walls of the muon filter. This
new model is sown in Fig. 3.1.4. The number of nodes for this latter model is
approximately 265000,and the limit isabou 25 m along z and 24m aong the other two
dimensions. The dhange in the integral of the verticd componrent of the magnetic field
computed over 10 m along the beam diredion, is negligible (less than 0.1%) when
computed with or without the iron d the hadron cdorimeter and d the muonshields.

13
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3.2 Field Profiles, Integrals and Uniformity

The measure of field unformity of greaest relevance to the experiment is the
uniformity of the integral of the principal comporent, By, evaluated along straight tradks
originating at the interadion pant. Table 3.2 summarises the field integrals from z = 0
to z =10 m for a cantral tradk and for threetradks nea the accetance boundiry. The
variations relative to the central tradk are below 6%.

Table 3.2 Field integralsalong seleded tracks

Horizontal/ vertical angle Field integral Deviation
(mrad)
0/0 4.1434Tm 0
0/245 4,2480m +2.5%
291/245 3.9067Tm -5.7%
291/0 3.9359Tm -5.0%

The variation d the verticd field comporent, By, along the bean diredion is
shown in Fig. 3.2.1for a ceitra track and ore for 197 mrad (in x and y). For
comparison with Fig. 5.8 d the Tedhnicd Propasal aso By and B, along 197 mrad are
shown. A current of 1.2 MA per coil has been assumed. As the field uriformity is
strongly dependent on the geometry of the pole shims, further optimisation is passble.
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Fig. 3.2.1 Magnetic field along seleded tracks.
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3.3 FringeFields

In order to reduce the fringe field in the upstream region, two iron shields are
added, separated by a50 mm air gap. The first shield extends from z = 2300mm o z =
2450mm, the second pate from z = 2500mm © z = 2700mm. The cnicd aperturesin
the shields are dong 270 mrad in the verticd diredion and 300mrad in the horizontal
one. The field in the region d the phao-detedors of RICH1 is below 50 Gauss
Fig.3.3.1shows afield map at z = 1130mm from the origin.

£=113 Ch; 40<x<100 Ch; 0<¥<50 Ch;
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Fig. 3.3.1 Fringefield at z=1130mm, in the region of RICH1 photo-detedors.
Isolines are drawn for field values, ranging from 29 Gauss(line 2) to 36
Gauss(line 8). Co-ordinatesin cm.

In the RICH2 region, the fringe field has been evaluated with an approximated
description d the iron absorbers of the hadron cadorimeter and the muon cetedor. Fig.
3.3.2shows afield map at z = 10500mm in the x-y plane.
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‘Z=1050.ChM; 340<K<400.Chd; 0<Y <60 Chi;

_ pewo_ pemnz peal,

Fig. 3.3.2 Fringefield at z=10500mm, in the region of RICH2 photo-detedors.
Isolines are drawn for field valuesranging from 99 Gauss(line 2) to 146
Gauss(line9). Co-ordinatesin cm.

The acaracy of these numbersis limited by the number of mesh padnts used, the
approximation for the iron layout in the detedors and by undefined additional iron
neaby (e.g. from the aane or from the reinforced concrete walls). It is planned to install
the magnet ealy enowgh to be ale to cary out measurements, which will allow to
optimise the magnetic screening of the phao-detedors for bath RICH detedors.

17
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34 Analysisof Forces

For the 3-D field and force anaysis with TOSCA, the il was modelled with 30
brick condictors. The body force on the individual source @nductors was computed
using J x B. Table 3.4.1summarises the force @mporents for the 15 lricks forming one
half of the upper coil. The mnvention wsed isindicaed in Fig. 3.4.1.

| Sedion 1

Sedion 8

| 7300.0 Sedion 15

Fig. 3.4.1 Definition of coil sedions

Table 3.4.1 Lorentz forceson coil sedions (upper coil)

Sedion Length, m | FX, KN | Fy,kKN | Fz kN ton/m
1 0.92 6 686 -529 94.2
2 0.49 47 140 -118 38.6
3 0.52 160 171 -179 57
4 0.54 111 74 -112 32
5 0.26 56 15 -59 32
6 0.52 132 6 -94 31
7 0.43 316 15 -128 79
8 2.02 980 123 -368 52.2
9 0.5 127 -1 -5 25.4
10 0.52 133 12 31 26.4
11 0.55 92 38 47 18.8
12 0.49 63 65 28 19.3
13 0.5 128 164 25 42
14 0.5 84 246 -51 53
15 1.97 5 839 -289 45
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The forces ading on the shielding plates and the iron Hocks of the detedor are
given in Table 3.4.2 they are computed by integrating the Maxwell stresstensor over
the surfaces under consideration. Due to the symmetry of the problem, ornly the
comporent along the z diredion has to be mnsidered. The forces on the detedor iron
turn ou to be only asmall fradion d the gravitational loads. The forces on the shielding
plates are transmitted via beams to the magnet yoke.

Table 3.4.2 Magnetic forces on detedor parts

Fz,N
Shield 1 254717
Shield 2 334845
Hadron cdorimeter -1093
Muonfilter 1 ~0
Muonfilter 2 ~0
Muonfilter 3 ~0

19



LHCb Magnet: Tednical Design Report CERN/LHCC/2000:007

4. Magnet Assmbly

The position d the magnet in the experiment is outside the aane verage. The
magnet has therefore to be assembled in an areareadable by the aane before being
rolled into its final position. It is foreseen to re-use the DELPHI magnet cariage on its
rail system as platform for the magnet. The asmbly position (magnet out) and the final
position (magnet in) of the magnet areindicaed in Fig. 4.1.
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Fig. 4.1 Magnet position during assembly
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With the cariage below the aane, the following sequence has to be observed.
The smallest plate of the lower horizontal yoke part will be fixed against a temporary
suppat mounted orto the cariage. The next larger plates will be placeal against eah
other. Before tensioning the tie-rods, which keep the yoke plates lidly together, the
individual iron dates have to be ajusted in height with wedges sich that the two
surfaces, which will be in contaa with the verticd yokes, are in a plane. Remaining
locd uneven spats after tensioning of the tie-rods shoud be shimmed with soft iron
pads. The horizontal yoke part shoud now be solidly suppated and fixed to the
platform of the cariage. At this moment the shims for the magnet aperture can be fixed
to the lower pde-pieces.

To mount a verticd yoke part, a lateral suppat has to be provided, which fixes
temporarily the outermost plate in its verticd position, bu leares enough space for
mounting the tie-rods. During the asembly, the plates have to be seaured against falli ng
over. Having readed the arred number of sheds for ead thickness $ep of the verticd
yoke, the rrespondng tie-rods will be mounted and pe-stressed. After having
mounted all plates of averticd yoke, the remaining tie-rods will be mounted and al tie-
rods gressed. Possble unevennessdue to the madining tolerances will mainly show up
a the upper macdined surfaceof the verticd yokes. Again they will be shimmed with
soft iron strips of proper thickness

Because of the restricted spacebetween coil s and yoke plates, the proper contad
and functioning of the dedric and hydraulic conredions and d the @ntrol sensors have
to be caefully tested before mourting the ils in the magnet. Having mourted the two
verticd yoke parts, the lower coil will first be placel into the magnet and provisionally
suppated in a position as low as passhble. The same has to be dore with the upper cail.
This asaures the safe introduction d the lower row of tie-rods in the upper horizontal
yoke part.

The aembly of the upper yoke part is smilar to the lower one, except that it
starts with the largest plate. Possble small dlits between the mntad surfaces of the
upper and werticd yoke parts, which might show up after stressng the tie-rods, will
again be dosed by soft iron strips. The different yoke parts will then be solidly fixed by
welded clamping bradets, their relative position to eadh aher being asaured hy
appropriate dowel pins.

Only now the two coails, first the upper and then the lower one, will be placel
into their final paosition and solidly fixed with their clamps and suppats to the yoke.
Starting from the arival and dstribution pant at the magnet, the aurrent conredions
and the woding water distribution will be mourted and conreded to the ils, as
indicated in Fig. 2.2.3.

After rolli ng the completed magnet into its final position, the downstream part of
the cariage will be removed to make spacefor other detedor suppats. The magnet can
now be cnreded to the bus-bar cables from the power supdy and to the maling water
port and commisgoning may start.
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5. Eledricity and Codling Requirements

The 3-D field cdculations, using a 100% pading density for the yoke and aB-H
relation as measured for Fe360B (Sedion 3.J), require atotal excitation current of 2 x
1.2MA to achieve the field integral of 4 Tm. Thisleads to an eledric power disspation
of 3.54 MW. The nominal value of 4.2 MW, as given in Table 1, is, therefore,
considered as a mnservative upper limit.

It is proposed to place the transformer and powver suppy into the surface
building SUH of the LHC8 area This results in a distance of abou 200 m between
power supply and magnet. Using 2 x 12 Cu power cebles of 240 mn? crosssedion and
200 m length leads to additional power losses of roughly 2%. The inefficiencies of the
transformer and pover suppy are of the order of few % only. A network power to the
transformer of 6 MVA is required. With a total of 8 MW being available for the
experiment and abou 2 MW being reserved for the detedor eledronics and computing,
these 6 MVA are available for the magnet. Tables 5.1 and 5.2summarise the dedricity
and codling requirements for the magnet and the power supgdy.

Table 5.1 Magnet requirements

Nominal operation current | =5.8 KA

Total voltage drop (two coil ) U=730V

Power disgpation P=42MW

Total water flow (al pancakesin parallel) ¢ =125m’h

Presaure drop Ap =10 bar at AT =30°C

Table5.2 Power supply requirements

Network power [1=6.0MVA
Disgpated power P=100 W

Total water flow 9 =3.5mh

Presaure drop Ap =5 bar at AT =25°C
Maximum inlet temperature T=20°C

The output voltage of the power supdy will be symmetric to ground va an
adive groundwatch circuit acwrding to the IT scheme (IEC364 and 1S24 [5-1]). The
ground watch circuit switches the power supgy off when excealing a predefined
current to ground @ at loss of ground reference Figure 5.1 shows <hematicdly the
eledricd layout of the power supgdy and its conrnedion to the magnet.
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Fig. 5.1 Eledrical layout of power supply and magnet connedion

6. Controls System

A detailed magnet controls g/stem to supervise the magnet operation has been
worked ou in collaboration with the CERN-EP-EOS group and foll ows the standard
elaborated in common for the four LHC experiments [6-1].

This g/stem, via anet of sensors and aduators, will provide the remote @ntrol
of power supdy and its ground watch circuit, of the inverter, bus-bar, DCCT, codling
water, water legk detedor, temperature of coils, fire detedor, magnetic field level [6-2].
Figure 6.1 shows the layout of the magnet instrumentation. Table 6.1 explains the
abbreviations used in this sheme.

Table 6.1: Naming convention

Eledro vave EV Temperature sensor TS
Limit switch LS Flow meter FM
Manometer MN Water le& detedor MS
Analogue presaure, temperature | AP, AT | Water filter (not monitored) FT

An integrated system of hardwired interlocks, working acerding to AND logic,
will supervise the safety, e.g. emergency buttons, water le&k detedion, paver supgy
fault, fire darms. This g/stem will be interfacel to ather LHCb spedfic systems as well
as to the central LHC control room. Figure 6.2 shows its interconredion to the magnet
control system.
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Fig. 6.1 Layout of the magnet instrumentation
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Fig. 6.2 Integration of theinterlocksinto the Magnet Controls System
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The Magnet Control System (MCS) is made of two parts:

e The MCS proper provides through Programmable Logic Controllers (PLC's) the
process controls for automaticd exeaution d the various runnng modes of the
magnet system. The Locd Magnet Supervisor (LMS), which is part of MCS, ensures
locd supervision at the engineaing level.

e The Magnet Safety System (MSS proteds the magnet coil s and auxili aries against
faults and in particular water coaling problems. A Sequence Event Recorder is part
of MSSand all ows fault analysis and dagnaostics.

Interfaces with the other systems CAS, DCS, DSS ANS are explained in the block
diagram Fig. 6-3.

Central Alarm Server Detector Alarm
(CAY) Control Notifier
& controls System System
< - FIRE
MACHINE DCS ANS BRIGADE
Surface
HET sareTY
LMS [: el and Ll
* ™ proTECTION[ ™| DSS
sl frr et g Cireuits by
Service cavern [T Sequence i Detector
SX8 2Ll PLCs |EiiEid recorder event [f:: Safety
e e I S System
ﬁ Conditioners ﬁﬁ Conditioners ﬁ
| Cables 1+ Cables .
r:] Sensors 7F:] Sensors ]
=1 Actuators  [:r:] Actuators ]
Main cavern T:+:-:-:-:-:-:%?T:-:-:-:-:%:%:%:j
UXs Magnet Magnet
Control Safety
System System

Fig. 6.3 Schematic layout of the Magnet Controls System

The MCS can be accesed by the LHCb experiment or by the Main Control
Room of the LHC machine to allow the ramping of the LHCb magnet together with the
beam magnets.
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7. Safety

7.1 General Safety

The general safety is based onthe Magnet Safety System (MSS), as part of the
Experiment Control System (ECS/DCS). The basic functions of the MSSare defined in
Sedion 6and [6-1]. The magnet power supgdy is interlocked to the general fire darm
and to the spedfic water lek alarm for the magnet. The boxes used for protedion
against eledricd hazards (seeSedion 7.3 aso serve & protedion against water spill s.
These protedion boes are equipped with water le&k sensors and are wnreded to a
sink.

7.2 Medanical Safety

All the onstruction parts, suppats and toads required for the assembly will
follow European dredives, CERN safety codes and rules and the CERN safety palicy
expressed in the SAPOCO document [7-1]. Genera criteria for safe stress levels will
follow European and/or international structura engineeing codes gated in Eurocode-3
[7-2] and AISC [7-3].

For anchoring paints, lifting and rigging geas, which will remain the property of
CERN/LHCb, the design, manufadure and testing shall comply with the CERN Safety
Code on Lifting Equipment (Safety Code D1 [7-4]) and construction normes and codes
of ISO and FEM [7-5].

7.3 Eledrical Safety

The oonductor insulation will conform to CERN Safety Instructions 1S23 and
1S41[7-6] and will betested to 3 KV. The power supdy will be of the insulated I T-type
(IEC364 and 1S24 [5-1]), as described in Sedion 5.Low voltage safety rules will apply
acording to CERN Safety Instructions 1S33[7-7] and 1S24 [5-1].

As protedion against eledricd hazards, the region d the wilswith the dedricd
interconredions of the pancekes and the @il conredion to the bus-bar will be
completely surrounced by a paycaborate (Maaolon) box. This includes aso the
flexible water conredions. Figure 2.2.3 shows the layout of the dedric and coadling
water conredions.

7.4 Safety in Magnetic Fields

Safety requirements dipulated in CERN Safety Instruction 1S36 [7-8] will be
respeded. The general safety system will be based onthe Magnet Safety System (MSS
and the Experiment Control System (ECS/DCS).

As the dipde gerture is very large and a large part of the pde pieces is

saturated, a strong fringe field is present, upto 20mT at a distance of 5 m from the iron
yoke, as hown in Fig. 7.1.
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A fence shall be installed delimiting a zone aound the magnet with restricted
accessand with warning lamps blinking, whenever the power on the magnet is switched
on. Withou circulating beams, this will happen ony rarely for spedal tests. In these
cases, access into this zone will have to be spedaly authorised by the GLIMOS.
Continuows work is permitted for authorised persons in zones where the field dces not
exceal 200mT (CERN Safety Instruction 1S36). For such work the use of nonmagnetic
todsis mandatory. After any intervention rea the magnet with magnetic field switched
off, a systematic chedk will be caried ou to freethe field vdume from ferromagnetic
objeds, before ramping up the magnet.

ISCLIME O MEDIAR PLAME Y¥Z (X=00 mlcsarze  weooo

ﬂ U._D goe gm0

E' o000 E'BUU.U [2'403.0 :

Componen: BMOD }."_I-BIIUD
Minimum: 0.0, Maximum: 830.0, Inlerval: - 00.0 :

Fig. 7.1 Isofield linesin theyz-planeat x = 0m
The separation between two isolinesis10mT.
Isofield line 3 corre spondsto 20mT.
Co-ordinatesin cm.

8. Tednical Testsat CERN

To study technicd problems related to the il production, kending tests with
modified spare pieces of the UA1 Aluminium condwctor will be caried ou at CERN. A
panceke with final conduwtor crosssedion bu smaller lateral dimensions will be
wound.
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9. Schedule

The onstruction d the warm magnet is not on the aiticd path for LHCD, in
contrast to the option d the supercondwcting magnet proposed in the Tedhnicd
Proposal. Nevertheless an ealy delivery isimportant to allow enough time for detail ed
field measurements and for the optimisation d the magnetic shielding, in particular for
the phao-detedors of the two RICH courters.

Market surveys have been launched in September 1999, separately for the
extrusion d the duminium condwctor (MS-2779EP/LHCD), the production d the two
coils (MS-2773EP/LHCb) and the yoke (MS-2774EP/LHCD). The tendering is
scheduled for April 2000. Orders s$houd be placeal in autumn 2000, asuming this
Tedhnicd Design Report will be gproved by the LHCC and the LHCb Resources
Review Board (RRB) authorises Common Fund spending.

Delivery of all comporents $houd then be possble by end d 2002. Assembly
and commissoning of the magnet in Pit 8, as well as the field mapping will be
terminated by August 2003. This will avoid any interference with the installation d
detedor suppats and comporents. Table 9.1 summarises the schedule. It fits well the
install ation schedule for the experiment.

Table 9.1 Magnet Schedule

Market surveys launched 09/1999
Tendering launched 04/2000
Tendering concluded 082000
Reception d coil s and yoke 12/2002
Asembly terminated 052003
Field map measured 082003

10. Cost Estimate and Spending Profile

Definite asts will only be known after conclusion d the tendering process It is,
however, pcssble to give aqude etimates, based on pevious experience with
aluminium conduwctor production and recent offers for iron gdates. The st of the iron
plates for the yoke is expeded to lie aound 4.5MCHF, the st for the duminium
extrusion around 0.5MCHF and for the il fabricaion close to 1 MCHF. The
approximate spending profileis srxown in Table 10.1.

Table 10.1 Spending Profile

Year 2000 Year 2001 Year 2002
Coll 0.5MCHF 0.5MCHF 0.5MCHF
Yoke 1 MCHF 2 MCHF 1.5MCHF
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