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The LHC Main Dipoles and Quadrupoles Toward
Series Production

Lucio Rossi

Abstract—The Large Hadron Collider (LHC) is under construc- Fleat Exchanger Pipe
tion at CERN. Most of its 27 km underground tunnel will be filled Superconducting Colls
with superconducting magnets, mainly 15 m long dipoles and 3.3 -
m long quadrupoles. In total 1248 dipole and 400 quadrupole mag-
nets will be built (including spares), all wound with copper stabi-
lized NbTi Rutherford cables and designed to operate in superfluid ¢ - - 4
helium at 1.9 K. The dipoles operative field is 8.3 T, the system =y W4 Supercanducting Bus B2
being designed for possible operation up to 9 T (ultimate field). [0 ' g y Iron Yoke
The pre-series dipole production has started in 2000 in three com- ‘
panies while the series dipole construction will start at the begin-
ning of 2003. As far as quadrupoles are concerned, the prototypal

Helium-l Vessel

- Non-Magnetic Collars

Vacuum Vessel

phase (carried out at CEA—Saclay, F) is followed directly by the -~ , ) Racliation Screen

series construction, started in March 2002. In the paper the magnet / Thermal Shield

main characteristics are reviewed and the special tooling, put in . ’ The
place to fulfill the mass production with the suitable accuracy and e 5

safety margin, is described. The results obtained on the first fifteen W iy 15-m |0I‘Ig
pre-series magnets as well as the effect of the corrective actions ; o Bar Tube LHC cryodipole
taken to meet the necessary field quality are discussed. Finally a Protection Fed Tt

realistic plan of the Project, foreseeing that last dipoles are deliv-
ered in summer 2006, is presented. Fig. 1. An artistic view of the LHC dipole in its cryostat.
Index Terms—Accelerators, cryogenics, magnets, superconduc-
tors. In total 1232 main dipoles (1104 in the lattice and 128 in
the Dispersion Suppression—DS—sections) and 392 main
I. INTRODUCTION quadrupoles (360 in the lattice and 32 in the DS) will be
_ ) ) installed in the tunnel.
HE LHC [1]{3] is a circular accelerator designed to ac- fina|ly, it should be underlined that a very early decision in
celerate two counteracting beam protons from |nject.|qﬂe Project was to have Two-in-One magnets [4], see Fig. 1,
energy of 0.45 TeV up to a flat top energy of 7 TeV, at whiclyhere two channels with opposite field direction for each of the
the ring is switched from synchrotron mode to collision modenteracting beams are placed inside the same cold yoke. How-
The main dipole magnets, also called Main Bends (MB's), fillyer, two different schemes were devised for MQ and MB [5].
2/3 of the ring, the remaining tunnel length being dedicated jge former has the coils of the two apertures mechanically inde-
beam focusing (Main Quadrupole magnets, MQ), to other begfangent and magnetically decoupled, while the latter has the two
optics functions (chromaticity control, dispersion SUppressiofnertures mechanically coupled, through common collars. The
etc.) and to beam collision preparation in the Interaction Rgpsence of iron in between the two apertures of the MB makes
gions. For the LHC, the 27 km long underground tunnel, thg{e apertures themselves magnetically coupled, too. This con-
formerly hosted the LEP machine, is filled with about 18 krgept of strong coupling is summarized with the name of Twin
of main dipoles and 1.2 km of main quadrupoles. The averagg,q|es. This last solution has some disadvantages in the design
radius of curvature in the arc is about 2.6 km and the choice gl the assembly with respect to the plain Two-in-One scheme
8.33 T as flat top field in the dipoles has determined the colljyt it has the important advantage of reducing the magnet size
sion energy of 7 TeV/beam. As the dipoles are an element of 3, important feature for dipoles) and it has the benefit of a lower
optic lattice, they must be set to the same field level, or betiggsemply cost: the evaluation carried out at the beginning of the
to the same bending strength, BL, to within a few 10This  pyoject estimated the cost reduction of the Twin concept, with
means, that poor performance of a dipole cannot be compggspect to the separated dipoles concept (like the SSC) of the

sated by better performance of another one, thus the weakgsfor of 20% [6], while the cost advantage of Twin over a simple
dipole will eventually determine the energy performance of thgyo-1n-One design may be of the order of 5%.
whole machine.

[I. DIPOLESDESIGN
Manuscript received August 5, 2002. A. Main Dipole Evolution
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NbTi/Cu Rutherford type cables, all foreseen to work in supe . Quenches to reach 9 Tesla for the first 12 preseries dipoles
fluid helium (a fundamental choice done as early as 1989 [8]
allow to go beyond 8 T with a sufficient margin) and all featurin¢ |
two coil layers wound with different cables. The three genera*§
tions differ in the coil layout, in the collar design and on how thi § s /O
coil-collar assembly interferes with the yoke-skin assembly. Tt ‘
basic design characteristics of the present third—final—gene g 21 i R
ation are: §

1) Coil Layout: Based on six-conductor blocks [9]. After "7 [ [ )
an unsuccessful attempt to work with five coil blocks of the
second generation, the present designis based onanoptimi *™ 5 ", ", 5 " 4 s . 7 & o
six block layout, where the conductors are as radial as pc reached
sible and the shear forces among conductors are minimizeu. Number of quenches to reach 8T
The six blocks leave more room for minor optimizations, i.egig 2. cross section of the dipole (only one quadrant) showing the position
cross-section fine-tuning during series construction, especiadiyinterferences between yoke, pushed by shrinking cylinder, and collars. 340
in the inner layer that features four blocks. tonnes is the total radial force (including the lower quadrant).

2) Colil Layers: The two shells are wound with two cables
whose margins in critical current are very similar. This feature
has improved central field per unit current but implies that im-
perfections in winding of the second layer are as important as
those of the inner layer, despite the considerable number of turns
grouped in the two blocks of the outer shell.

3) Collars:: Of the twin type, there are made of special
austenitic steel with very low magnetization under operating
conditions [10]. They are obtained by fine blanking according
to a shape that ensures the wanted coil cavity under stress and
cold conditions, and for this reason the collars are slightly
elliptical (¢ = 0.1 mm) when punched. The choice of stainless
steel, introduced relatively late in the Project after a long period
when an aluminum alloy was preferred, [11] is not strictly
necessary to reach the design field but allows a more comfort-
able margin in the construction and assembly tolerances, as .
shown in [12]. This partly compensates for the higher cost of " T T Collaringrods~ ~ ~ Ft=340 tonnes '
austenitic steel with respect to aluminum alloy. Also, thanks
to its higher rigidity, the use of austenitic steel helps to limfig. 3. Interstrand resistanc,, for an inner cable of one contract (last 18
conductor movements, an important issue in magnets Whg}%uhs production). The 20—4Q2 is really at hand (acceptable 15-150).
field accuracy is required at 1 cm from the conductor.

4) Iron: The presence of an iron insert at the vertical sym- — A very tough tolerance on the cable sizes um, re-
metry plane in between collar and iron yoke, see Fig. 2, helps tgiring both a very strict control of the single wire diameter
assembly accuracy and the transmission of vertical force frqusually in the 3um range!), good compactness (90%) no sharp
the shell to the collars, through the iron yoke, in a position thatige without brushing.
is critical for the twin design. Indeed the lack of Ieft-to-right — Severe limits on magnetization values, to keep under
symmetry in twin collars is one of the main disadvantages wiltbntrol the persistent currents that can harm the field quality
respect to the single collaring coil assembly. The inclined suit injection. In fact, magnetization proved to be the parameter
face of the iron insert is meant just to compensate the redugfgst sensitive to the type of manufacturing process but also to

rigidity in the central arm of each aperture of the collars. Théhanges, variations and nonuniformities in each manufacturing
interference between iron yoke and collars is also situated at fi@cess.

mid-plane, the outer arm of each aperture, and at two different— The control of interstrand resistance. The novel solution
positions along the collar outer arm, see Fig. 2, [11], [12]. Thejopted for the LHC is based on coating the strands with a SnAg
iron insert proved to be useful to fine tune the field quality foglloy, before cabling. After cabling, the cable roll is then ex-

even harmonics [13]. posed to a controlled heat treatment in air in order to oxidize the
cables. This method is simple, cheap and suitable to Rutherford
B. Superconductors cabling techniques but required many adjustments and practical

R&D to become reliable in an industrial environment but today
The NbTi superconducting alloy is characterized by an eis certainly one of the keys to the success of the LHC cables, see
tremely high homogeneity: 1.0%. The most significant chakig. 3.
lenges in the production of the 1200 tons of superconducting— The global quality demands, i.e., strict statistical process
cable necessary for the LHC Project are [14]: control limits, no cold welds, no cross-overs, no sharp edges
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TABLE | TABLE I
CABLES CHARACTERISTICS MAIN DIPOLES CHARACTERISTICS
Nominal operating field T 833 STRAND Type 01 Type 02
Ultimate operating field T 9 Diameter (mm) 1.065 0.825
Quench field from short sample T 9.65 Cu/NbTi ratio 1.6-1.7 £0.03 1.9-2.0 £0.03
X Filament diameter (um) 7 6
Coil aperture mm 56 Number of filaments 8800 6425
Coil thickness (two layers) mm 30.5 Ie (A) @1.9K 5154 %) @ 10T 380 (44 %) @ 7T
Magnetic Length @1.9 K m 14.3 Je (A/mm?) @1.9 K 1530 @ 10T 2100@7T
Nominal operating current A 11850 M (mT) @1.9K,0.5T 30+4.5 23#4.5
Operating temperature K 1.9 CABLE Type 01 Type 02
Distance between aperture axes @1.9 K mm 194 Number of strands 28 36
Cold Mass Outer diameter mm 370 mgl?h:?:;g (mm) @ MPa 15§(1)<) +0.006 154;:;0 +0.006
Overall length of cold mass m 15.18 Keystonc angle (degrees) 1.2540.05 0.90 £0.05
Mass of the magnet cold mass t 27.5 Cable Ic (A) @ 1.9 K 13750 @ 10T 12960 @ 7T
Stored energy @ 8.3 T, both channels MJ 7.1 Maximum Ic cabling degradation 5% 5%
Self Inductance (7.6 mH/meter) mH 100 Interstrand resistance (L€2) 10-50 20-80
YFx per unit length per quadrant MN/m 1.7
Axial e.m. force MN 0.37

of components inside a single coil is necessarily much more

o o ) stringent than the acceptable variation among lots.
(cable brushing is allowed only for the initial production phase),

0.1umtin coating uniformi_ty, no anomalies, tpugh limits onthgy =19 Mass Assembly

copper content for protection reasons (despite the fact that mar- . . .

gins on Jc would allow for a broader range of copper content),AS prewously_ staf[ed,_the c0|l_—collar assemb_ly is surro_unded
complete traceability of all cables, all wires and their individudly the magnetic circuit contained by a shrinking cylinder,
components. Coupled with the necessity of a good yield, forcffmed by welding two half-shells made out of 316 LN stain-
by a low price, these conditions require a strict follow up and!§SS Stéel. This provides the necessary rigidity to the whole
powerful dynamically allocated database to exchange infornrf3@gnet. The forces are transmitted by an interference among

tion and approval between CERN and industries. very_rigid pieces _(collars_ and yokg). Ther_efore not only the
In Table | the main characteristics of the LHC main supeRr€cision of the single pieces is high (typicaliy20 xm for
conducting cables are reported. collars and+50 pum for yoke) but the assembly must ensure

this precision as well over the 15 m magnet length.

It is of some interest to note that near the magnet ends, for
370 mm, the laminations are composed of an outer shell of low

The coils are composed of poles of two layers each. The ngrbon steel, like the main body, and with an inner shell, 20 mm
cessity to avoid sorting that would certainly slow the productioghick of special stainless steel, non magnetic and whose me-
or make it more complicated, requires that each pole, and evgtanical properties, namely the thermal contraction, have been
each layer, be identical within 1Qm: indeed a 10Q:m varia- selected in order to fit exactly that of the iron. These nested
tion in the azimuthal coil size corresponds to a variation of aboriminations [15], are designed to lower the peak field on the
0.1% of the main field, 3.5 anet0.4 units (10°*) of the main coil end (always a quench risk region) while preserving the
harmonics, sextupole and decapole respectively, and to aboutdaimum magnetic length and improving the bad quadrupole
MPa in azimuthal coil pre-stress. A coil with nominal size angdoming from aperture coupling at the end.
compressive modulus (some 12 MPa at room temperature and'he magnet must be curved, with a sagitta of about 9 mm, cor-
17 MPa at cold) will be submitted to 75 MPa pre-stress. Singgsponding to a radius of curvature of 2812.36 m. This curvature
the allowed range for coil pre-stress is 60-90 MPa, if the coiffas a tolerance af1 mm, with the exception of the extremities
differ more than 12m from the target they will require a shimof the magnet where the tolerance is very tigh@.3 (System-
thickness different than nominal size, to the detriment of thgic) and 0.5 mm r.m.s. in order to keep the corrector magnets
field quality. This reason together with necessity of top-bottogentered with respect to the beam tube, to avoid harmonic feed
and left-right symmetry means that coils must all be similagiown (detrimental to beam optics).
within the quoted figures.

The main factors to reach accuracy are a good and repro- l1l. M AIN QUADRUPOLES
ducible winding, a good and accurate curing mould (coil size al- ) ,
most perfectly reproduces the mould geometry, when the mould! '€ design of the MQ's features two apertures completely
is closed) and areliable method and equipment for measurem8figPendent, according to the plain Two-in-One concept.
of the coll size. )

Tolerances of components play a fundamental role fiy COil Layout
achieving long-term accuracy, since the strategy is to avoidin order to save money and complexity over the whole
single coil shim adaptation for reasons of time and cost. project, the coil is not graded, and the same cable, identical
effect, the components of the coils, most of them procuréd the one used for the outer layer of the MB'’s, is employed
by CERN, are well inside the requested range, as showntinwind both layers of the quadrupoles. This means that the
Fig. 3 for the collars. It should be noted that the variatiomagnetic design is not fully optimized but allows the use of

C. Superconducting Coils
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real double pancake techniques, avoiding the splice betwe 3%

layers in the high field region, a source of concern for th 260

MB’s.t Nominal gradient is 223 T/m, and 241 T/m at ultimate . o
machine performance (9 T dipole field) when the peak fiel'§ 200
in the coils reaches 7.5 T. It is worth notice that although th5 1%
peak field is somehow reduced in the MQ’s with respect to tr‘a:a) 140 —
MB's, the field quality is not. Due to a decision to eliminate the § 1755 [~ -
dodecapole (first allowed harmonic in quadrupoles) correct< gg - -

magnets in the machine, the field quality of all quadrupole ;| ™. “= '\... Jmrele ._." N
must be excellent. This requires: 20 2 L«
— No systematic deviation from the nominal conducto 52 3888885352283 8388¢2838§%3
position. Indeed due to the fact that only one longitu EEbbbobobbobodb55555555505000a

dinal spacer is present per layer, correction during prg,— 4 C on of a LHC Mai drupole in it at
duction is more difficult. 1g. 4. ross section or a ain Quadrupole in its cryostat.

— Repeatability of cable position within 4am.
was then granted the-M@B5 contract for the manufacture of all

B. Mechanical Structure 400 MQ’s.

Each coil aperture is independently collared in a four-fold. CERN Supplied Components
symmetric vertical press, with strong honmagnetic austenitic

steel smgle_collars,.27 mm th'Ck'. The two ap'ertures are th Bntrol the characteristics of the magnet components having
assembled in a laminated yoke with a central iron arm that 5me impact on the final quality and on the schedule, all main

couples the two apertures. Each coil-collar assembly is not s imponents are supplied by CERN to the magnet manufac-

ported by the yoke (self supporting collars), thatis coupled to tlﬂ?rers. For the main dipoles CERN procures directly:
coils only by 3.5 m long centering and antitorsion keys. As it is

well known for quadrupoles the alignment is a critical issue: this
is obtained by fitting with dowels the yoke into a very precise
(better than 10Q:m straightness) 5.3 m long inertia tube. The
same inertia tube is used also to ensure the proper alignment for
other magnets, like Sextupoles, Octupoles and corrector mag—'
nets, forming the so called staright sections. Keeping the toler-
ances on this assembly will be one of the major challenges in *
the MQ construction.

A detailed review of the MQ design as well as of the results
on the prototyping phase is reported in [16], [17]. In Fig. 4 the
cross section of the MQ is reported.

As part of a cost saving strategy and in order to keep under

 Superconducting cables, in single unit lengths, sorted for
similar properties for each magnet.
» Polyimide insulation ribbons, both bare and adhesive, as
well all polyimide foils for all insulation.
Longitudinal ®@pper wedges and fine blanked wstenitic
collars at final shapes.
End spacers, layer jump boxes, interlayer insulation
grooved foils and quench heaters (pre-series only).
* All types of yoke laminations (iron and nested).
* Insulated leam tubes, Hell heat exchanger tubes and 316
LN semi-shells forming the skin, as well as others 15 m
long tubes and thenierconnection bellows.
» End coversthat, welded to the skin at the two extremities,
close longitudinally the cold mass.
Since the early days of the project a few companies were « 15 m long 13 KA los bars and potection Diodes and all
selected as capable to carry out the construction of the MB’s.  Corrector Magnets of the Dipole Cold Mass.
These companies built models and then prototypes of all generThis strategy implies that CERN becomes supplier of its sup-
ations, and finally three were retained for 30 dipole con- pliers with an intricate share of responsibility that makes CERN
tract (pre-series) placed in autumn 1999. Then the same cduily responsible for the magnet performance, except in case of
panies, the French consortium Alstom MSA—Jeumont Indusegligence or clear fault of the dipole manufacturer.
tries, Ansaldo Superconduttori (Italy) and Babcok Noell Nu- The logistics are organized in such a way that only two
clear (Germany), were assigned the final contract (series) fapnths storage is kept at the company (one month for cables)
further 3 x 386 dipoles in spring 2002. The total value of thend everything is delivered on time according to needs and to
contracts assigned to these companies exceedS00C technical optimization. All is (or will be, in series production)
For the MQ's the strategy was different. Given the size, fuldone via software, through a specifically built database, and
length prototyping was developed in the laboratory by CEAvarns when components are needed with sufficient lead-time.
Saclay in collaboration with CERN. Then all European magnet A particular case is the cable database. CERN is, for 85% of
manufacturers were called to assist in the main operations anthe production, supplier of the raw material to the wire and cable
tender directly for the total quantity. In 1999 Accel (Germanymanufacturer, requiring to keep under control the production
quality and traceability, with approval of each billet and strand
map for cabling. Here a sophisticated data base, dynamically
189 far_only one splice failed, Fhus 'Iimitirjg a 10 m long dipole model be;lovanocated and shared among CERN and wire manufacturer, is in
nominal field. However a pre-series dipole is also suspected to have a resistance .
of the splice at the limit of the acceptability, having a different behavior at 14S€ t0 help to relate all measurements to lots of material and to
K and at 4.2 K, probably due to different cooling conditions. help on-line approval by CERN.

IV. PRODUCTION STRATEGY
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B. Large Tooling itself is very reproducible and controllable allowing the
pre-stress to be as uniform as requested.

4) The equipment for SST and MIG is the same, with an
obvious advantage (MIG is a necessary choice for the

The tooling related to coil winding and assembly is the 1;|I:|ng passes t_?léat'ﬁfy the time cpr:_strw?tf). tenths of
responsibility of magnet manufacturers and, although designed]us 0 compare, allows gap variation ot few tentns ot a
; e T . mm and MIG is not able to guarantee the same level and unifor-
according to CERN specifications, is slightly different from_. f btained by SST
company to company. Since very early in the project thrgltyo pre-;tresso tained by ' . L
' The gap is read through a laser beam and all information is

companies were mvo_lved to mod_ellng and prototyping, a red during a dry pass. All the welding operations will take,

construction of the coils was considered an area where CE ce sufficient experience is gained, some 8 hours, and 56

was in charge of monitoring, rather than deﬂmng thg ProceS$hours are necessary for the other press operations: magnet in-
In contrast, the large presses used for coil collaring and 9o alignment, curvature measurements, etc. In total each

cold mass welding were specified and procured directly hmpany should be able to weld up to 4 to 5 magnetsiweek with

CERN. Three collaring presses, with a 700 mm wide and 430yo-shift working day.

mm high frame, were designed to have sufficient compressiverina|ly, as part of the large tooling it is worth mentioning two,

force, more than 20 MN per meter length, to assure that thghong others, measuring devices that are key elements in the
collaring was achieved in one step (in addition to the necessa{ycess of the Project:

massaging cycles to accommodate conductor) while preserving
an extreme accuracy of the 15 m long beam. The beam align-

After sound design and good component quality, the next
ingredient for high quality and fast production is appropriate
tooling.

— The 15 m long presses to measure the coil size and their
compressive elastic modulus. All procured by CERN,

ment and its rigidity assure positioning during operation of including the software for analysis and data viewer,
about 20um. _ _ _ they are an essential tool in keeping under control the
Much more compllcayed has been the design of the welding geometry of the coils and then to respect both the very
press. Here many functions have to be assured: tight tolerances on the field quality and the optimal
— Delivery of a compressive force, to align laminations pre-stress window where we expect good quench per-
and to stress the skin, up to 12 MN per meter length, formance.
in a 2000 mm wide and 1500 mm high frame. — The Laser Tracker that is fundamental to measure
— Alignment of the 15 m long cold mass according to the the curvature, planarity, twist, and inter-aperture dis-
a shape that, once the shells are welded, ensures thatat ~ tance of the magnets, all along the 15 m long narrow
rest the magnet has the right curvature. Cold Bore Tube (CBT), with the requested 0.1 mm
— Automatic synchronous (both sides) welding equip- precision. It is also essential to measure the position
ment, capable to carry out the welds of the 10 mm thick (and actually to facilitate in the positioning during
316 LN half-shells in a single working shift. The weld their assembly), of the all “3-D" components, i.e., at
must guarantee good quality and a regular pre-stress the magnet extremities. As previously said there are

of about 150+ 30 MPa and, of course, be leak tight to elements that need to be p_ositior_1ed and_weld_ed at
about 161! mbar | 5! +0.3 mm distance from the ideal I|r_1e_ that is deflned
Together with the press manufactutemd after considerable .by thg Ce”tef of the.CBT. Although difficult to atheve
R&D, itwas chosen to have the root pass welded by STT (speed: Ihan _mdustrlal environment that looks _for qua}llty but
70 mm/minute) and then to fill the seam with three passes of also time schedule, th.e Laser Trac_ker Is proving to be
MIG (200 mm/min.). STT is a rather new process, used in in- es_sentlal, without which the required geometry and
dustry for only a few years and not yet industrialized for auto- alignment of these magnets cannot be guaranteed.
matic welding on austenitic steel. Its development and practical
implementation took some time and presents some drawba€ksQuality Assurance (QA) and Production Control
(for example it is very sensitive to change of filler wire) but it

has some great advantages: A superconducting magnet as complicated as the MB is a total

1) Th h histicated electroni q ¢ uality product: any error will eventually result in a reduced
) Through a sophisticated electronics and parameter coiic oo~ orin complete failure, and it is therefore necessary

trol a_t_m|II|seconds level, is ab_Ie to cope with differen 0 assure full traceability of all materials and their conformity to
conditions, although the most important parameters, the

) : . ecifications.
}[/\\,/\;a(;dsl?dgeipeed, cannot be adjusted independently for ﬂ2'%1) MTF (Manufacturing and Test Folder)Developed at

2) Itis able to allow tolerances of the welding gap of almostERN [18], and called also Traveler (but it is much more than

+1 mm, while preserving a superior quality. It's wortH? Traveler) is a very useful tool that is based on the LHC QA

notice that so far (20 magnets welded) SST passes h&%leral plan and the manufacturer QA plan. Through the MTF,
CERN and manufacturers share:

never failed.
3) Once awire is properly qualified and the welding law (the =~ — Traceability of all components, either supplied by
set of parameters) defined in real conditions, the welding CERN or by the companies themselves.

) ) . ) . — Inspection and Test Plan.
2An Italian consortium (CTE Sistemi and CSA), that selected Lincoln for the Workfl Di S
welding equipment and Servorobot Canada for the gap reading and all automatic  — orkflow Diagram Structure.
controls. — Assembly Breakdown Structure.
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— All measurement and test results. o0 Colared coi
— Handling of Non Conformities (ABS). [ ﬂ

— Handling of all Technical Changes. E sy 2% padexox
2 x -t H
To describe the MTF in the detail would go beyond the scope  § o[ , ,x 4, saX sys'mmat‘tx-sec] T
of this paper. It suffices to underline that it contains a full de- £ ;ﬁ’ syst;matéx_s;czﬁ
scription of a magnet, from the certification of the NbTi alloy & [ amofconecton
employed for that particular lot of cables, to the measurement 2 .o |
of the field quality of the magnet, passing through all electrical '
. o . . -15 e At e

tests and all eventual deviations from the specification in terms o s 10 15 20 25 30 35 40 45
of positioning of conductor, coil size, curvature of the magnets, Magnetnumber

etc. So the MTF is the complete description of a magnet and ) ) ] )
al it properties relevant for the construction, performance afff & Sexiurole (men hamenio) of olared colls for the pre-seres
its suitability for installation. To check that the MTF is properl\Limits between—2 and—9 units (1 unit= 10-* of the main field).
compiled and other QA issues, since the beginning of 2002 we
have resident inspectors in the three manufacturing companies
and in the two main cabling facilities. 1448 [

2) Relational Database:On the top of MTF, using its very s
important ABS, we are building a relational database to allovf RN
correlating properties of the entire magnet production, or a pa o 1446 ¢ x o ox
ticular subset, to component properties, process or tooling MOIL 1445 | " LYY . p:.
ifications. In this respect the relational database is the necessz 1444 M . e P °° bAoA
tool for a complete analysis that we need not only to assess tl 2 g *
magnet but also to drive construction and to allow to take cor > 443 K
rective actions in a sufficient time. This is possible as many tol 1442 b
erances are statistical: we can accept a certain window for tt 0 5 10 15 20 25 30 35 40 45
average value and a certain standard deviation. We have to tracn Magnetnumber
trends, to assure that the extremities of the normal distributign 6. Magneticlenath of collared coils. show tematic effect. Limit
are not filled too quickly. Thanks to this we can even accept o;,;'ﬂ' 1,2“425&‘223 f4in7gm.0 cotared cofls, Showing o sysiemetic efiect. Hmis
of tolerance magnets, if their number remains inside the target
statistical limits.

lowed CERN to abandon the constraints of requiring magnets
of same manufacturer for a given octant, making easier the ne-
gotiation of the main tender and greatly improving efficiency of
An example of the above is the introduction of magnetiginnel installation.
field measurements at the companies at various stages: aftdrield measurements at the companies not only are useful to
coil collaring and after Cold Mass assembly. By means ebntrol the field quality. They have been very useful to detect:
suitable moles and dedicated equipment capable to measure- An important assembly error in one company at a very
fields of a few mT, with a relative accuracy of better thar40 early stage, allowing to take immediate corrective actions (we
the harmonic content is measured together with the integratemlse been able to indicate the position and the source of the
transfer function: BL/I (Tm/A), an important parameter befault).
cause all 154 dipoles in an arc are powered in series. Through— Coil waviness, beyond the target limit of 30n, of one
these measurements done on collared coils, and thanks todbmpany that was traced back to differences in creep behavior
fact that there is a very good correlation between warm abetween the polyimide used for cable insulation of the proto-
cold measurements, we have been able to anticipate that #fjges and the first two pre-series magnets and the polyimide
main harmonics were not quite right and to take correctivesed later. The difference in creep could not be easily accom-
action, i.e., to modify the coil geometry by changing the coppetodated by the curing mold used in that company. As a con-
wedges of the inner layer by few hundreds:ofi [19]. In Fig. 5 sequence, the company agreed to modify the curing mould and
a major harmonichs, is plotted versus the number of collarechow the situation has improved.
coils and compared with the limit allowed by beam optics Finally, it is important to remark that as a final check before
requirements [20]. Due to production time lag, we have at thehipping, we have in the companies a measurement of the dis-
moment more than 30 collared coils measured but we have otdyice between: A) the CBT axis, that is the mechanical axis used
10 magnets tested cold. Therefore the warm measurementasateference for geometric reference, fiducials, marking inter-
early stage are essential for a timely reaction. connection and alignment in the tunnel; B) the coil symmetry
Through field measurements on collared coils we have beaxis. This last is defined as the zero field line when the coils are
able to assess as early as November 2001 that the magnetiergized in the so-called Quadrupole Configured Dipole mode
length not only stays inside the required limits, but that it dog21]. This distance is very important since it can affect the aper-
not show any systematic difference among dipoles manufduare of the machine and the luminosity depends strongly on pre-
tured by different companies, as shown in Fig. 6. This has a&erving both mechanical and dynamic apertures.

D. The Ultimate Production Steering Tool: Magnetic Field
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V. PRE-SERIESDIPOLESRESULTS . - = ] ALIGNMENT TARGET
MAIN QUADRUPOLE BUS-BARS
. 7 S HEAT EXCHANCER PIPE
Results on 13 pre-series dipole magnets already delivered 2 SUPERINGULATION
CERN, cryostated and then cold tested, can be summarized / & : X BUPERCONDUCTING COILS
follows: ? . 0 ® BEAM PIPE
’ INERTIA TUBE / HE [-VESSEL
. . T/ — R 5 T -" @ H-
— Ten magnets reached 9 T, the ultimate field, some « ) ; ] IRON YOKE
. . .. .. “1aal [—— VACUUM VESSEL
them with very little training. Also the retraining prop- &0
. [~— THERMAL SHIELD
erties were very good. Some of them, after therme || ! % TN soxry sus-oans
cycle went straight to 9 T with no quench. o > : o[ T~ sustenmc stesL coviars
— The field performance when cold is generally good > —— ‘ [ > sean scree
as anticipated by warm measurements, [19], althouc ] ‘i INSTROMENTATION. WIRES
. . . . . FILLER PIECE
some harmonics need to be pulled inside the limit -
. . . & = Z @ DIPOLE BUS-BARS
and a more solid correlation between properties me. — supposr post

sured on cable short samples and magnet properties

(name|y; magnetization, snap-back and interstrand ﬂ@g 7. Results obtained in the first training cycle (at 1.9 K) for the pre-series
sistance) needs to be established before the main sefiBge tested so far.

starts. Through this, in principle we can fully foresee

the properties of a magnet and steer the production to VI. PRODUCTION STATUS, PLANNING AND CONCLUSION

make sure that all magnets are almost mterchangeabIeThe LHC Project relies heavily on the delivery schedule of

_av0|d|ng sorting, amajor goal to make the mstallauog,le main dipoles and quadrupoles, covering 40% of the whole
in the tunnel easier and faster. LHC cost, determining its performance and filling 70% of the
—One magpet (N. 2002) was not powered because Pf,ne|: somehow they give the clock to the entire Project. In this
problems in the quench heaters. respect keeping the schedule is almost as essential as keeping
— One magnet (N. 1005) was limited to a performancge quality. The technology transfer to industry is almost com-
of about 6 T, without any training or indication of me-pjeted, with minor improvements still needed on the cold mass
chanical defect, due to a local fault. The magnet wasssembly, which has been transferred to Industry in the last six
disassembled, the suspected coil de-wound and a ggonths. Improvement in the use of Laser tracker and the demon-
gion with at least 30 cold welds in the superconductingration that the welding press can reach the established goal in
cable (out of 36 strands) was found. This cable wagrms of productivity are the major challenge in the second part
manufactured in July 2000 (the magnet was tested @ 2002.
May 2002) at the very beginning of the cable series Fine tuning of all procedures, especially of shimming and
production and, evidently, it escaped all controls (atoil sizing, uniformity among companies and improvement of
that time not so tight as they are now: for examplelectrical tests for quench heaters (an area in which we had a lot
we did not have resident inspectors). Investigations ad& nonconformities in the past) are under way.
under way and an audit to review the identification and From the point of view of the components the area of higher
archiving system of cold welds has been called for thésk is certainly superconducting cables. The production of cable

next month. is suffering a year of delay, like the cold mass construction, and
— One magnet (N. 2001) was limited just beyond th@ number of actions have been taken to improve the situation

nominal field, it never reached the ultimate field, and =~ — Reallocation of production among companies.

showed a strange behavior: it appeared limited by a ~— Ordering (from CERN directly) of a spare cabling ma-

mechanical defect at 1.9 K and limited by heat dissipa- chine, to be installed in January 2003.

tion effects at 4.2 K. We suspect that a splice may be ~— Revisipn of some con.tra(;tual terms to ease production.

slightly defective (see footnote n.1). — Establish strong monitoring to anticipate problems.

. . — Inspection in the companies that allowed identifying
The above mentioned results, see also Fig. 7, enable us to af- the main source of problems as being contamination

firm that the design is sound for the nominal field operation, from spurious small particles.

8.33 T and that there is room to go beyond the nominal. CO”,’These actions are permitting the LHC to pass through the

sidering that we and the companies are still in learning phase,it; rises (a major breakdown of one of the cabling machines)
is reasonable to expect that the vast majority of the magnets ¢athout endangering the magnet production and, eventually,
work at 9 T, although operating at such very high level will aGgjj| allow constituting a six month buffer stock of cables.
tually depend on a number of issues like: a) effective radiationThe delivery of cables as anticipated today should have al-
heating inside the tunnel; b) number of training quench allowgghys six months lead over the “just-on-time,” i.e., the last cable
in the tunnel; c) trade off among energy level and integrated lig-scheduled to be shipped by summer 2005. In Fig. 8 a realistic
minosity (i.e., beam delivery time). schedule of dipoles, as recently re-discussed with the compa-
All together we can affirm that, although there is certainlyies, is plotted. At present we are delayed and we anticipate that
room for improvement, especially in the area of control and QAy end of the year we’ll be missing some 25 dipoles with respect
all the three companies can to start series production of the mainhe planning of beginning 2002. However, the production rate
dipoles at the beginning of 2003. at full blast will be some 8 dipoles per week, i.e., the delay of
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Fig. 8. Delivery of Main Dipoles. Today 13 magnets have been delivered.

(71

this year can be recovered in 3 weeks work. A serious assess-
ment of the reliability of the schedule can be done eventually
in spring 2003, when all the tooling, in particular the winding (8l
lines, will be installed and working at maximum capacity.

As concerns the MQ, their production is also suffering about 9]
one year delay with respect to the original delivery plan. How-
ever the first industrially manufactured MQ has been delivere
to CERN at the end of July and the second is foreseen by Au-
gust 2002. If their performance will be as expected then the regl1]
production can start, according to a new schedule that foresees
the last quadrupole delivered to CERN by 2005.

In conclusion, the Project of the LHC Main Magnets is suf-[12]
fering of about one year delay with respect to the original plan
of 2000 (closing of LEP). One year delay is also appearing illS]
some of the major components, like the superconducting cables
(but it is not so for other components such as yoke laminations,
generating storage problems). However, now that the large scalf!
production of cables has started and the magnets are exploiting
successfully the pre-series phase, we are ready to enter into the)
series phase at the beginning of the 2003. Magnet design and
construction procedures are adequate for the nominal field a 96]
operation at ultimate field may be possible. The present realistic
plan foresees that the magnet delivery is finished before end of
20086, allowing beam acceleration in 2007. (17]
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