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A full-length prototype quadrupole
magnet for the HL-LHC completed
at CERN earlier this year.
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Procurement at the
orefront of technology

The LHC, the largest and most complex scientific instrument ever conceived, could not
have been built without good organisation, innovative procurement and careful oversight.
The same is true of the high-luminosity LHC upgrade.

The completion of the Large Hadron Collider (LHC) in autumn
2008, involving a vast international collaboration and a ten-figure
—yetextremely tight—budget, presented unprecedented obstacles.
When the LHC project started in earnest in late 1994, many of the
most important technologies, production methods and instruments
necessary to build and operate a multi-TeV proton collider simply
did not exist. CERN therefore had to navigate the risks of lowest-
bidder economics, and balance the need for innovation and creativ-
ity versus quality control and strict procurement procedures. The
impact of long lead times for essential components and tooling, in
addition to contingency for business failures, cost overruns and
disputes, also had to be minimised.

Procurement for the LHC demanded a new philosophy, especially
regarding the management of risk, to keep the LHC close to budget.
Excluding personnel costs, the total amount charged to the CERN
budget for the LHC was 4.3 billion Swiss francs, which includes: a
share of R&D expenses; machine construction, tests and pre-opera-
tion; LHC computing; and a contribution to the cost of the detectors.
Associated procurement activities covered everything from orders
for a few tens of Swiss francs to contracts exceeding 100 million
Swiss francs each, from purchases of a single unit to the series man-

ufacturing of hundreds of thousands of components delivered over
periods of several years. To give some figures, the construction of
the LHC required: 1170 price enquiries and tender invitations to be
issued; the negotiation, drafting and placing of 115,700 purchase
orders and 1040 contracts; and the commitment of 6364 different
suppliers and contractors, not including subcontractors.

Unconventional contracting

CERN’s organisational model also required LHC spending to take
account of many national interests and to ensure a fair industrial
return to Member States. In addition, CERN made special arrange-
ments with a number of non-Member States for the handling of
their respective additional contributions, part of which was pro-
vided in cash and part as in-kind deliverables. Procurement for the
main components of the LHC fell into three distinct categories:
civil engineering; superconducting magnets and their associated
components; and cryogenics.

Although the main tunnel for the LHC already existed, the
total value of necessary civil-engineering activities was around
500 million Swiss francs, requiring an unconventional division
of tasks between CERN, consulting engineers and contractors
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Fig. 1. A number of events
occurred during construction
that necessitated amendments
to the LHC contracts. During
construction of the ATLAS
caverns and access shafts (left),
the design of a vault using
reinforced concrete beams was
found to be technically
unacceptable and had to be
replaced. During excavation at
the CMS site (right), meanwhile,
the discovery of unforeseeable
ground conditions required
significant changes to the
approach and led to the
submission of disputes to an
adjudication panel. In all cases,
they were successfully resolved.

Fig.2.The main components and tooling required to assemble the LHC dipole cold-masses were purchased by CERN and delivered
to contractors (left, showing cold masses at German company Noell in 2003), who would then return the assembled cold masses to
CERN for final insertion into the vacuum vessels (right, showing the final dipole being lowered into the LHC tunnel in April 2007).
This approach was also applied to the superconducting strands and cables, the quantities of which were so huge that all major
European manufacturers, as well as one US and one Japanese firm, were involved.

(figure 1). The next major procurement task was to supply CERN with
the LHC’s superconducting magnets, the contractual, technical and
logistical challenges of which are difficult to exaggerate. The LHC
contains some 1800 superconducting twin-aperture main dipole and
quadrupole magnets, as well as their ancillary corrector magnets, all
of which are very large and needed to be assembled with absolute
precision. The total value of the magnets amounted to approximately

50% of the value of the whole

LHC machine, with two thirds
_ of this amount taken up by the

There is kudos to dipoles alone (figure 2). CERN
. . opted for an unusual policy to

be galned by bemg manufacture the LHC magnets,
associated with acting both as supplier and cli-
= e ent to contractors, and the perils
projeCts atthe limits of this approach became appar-
of teChn0|Ogy- ent when one of the contractors

unexpectedly became insolvent.

Problems also impacted the third major LHC procurement
stage: the unprecedented cryogenics system required to cool the
superconducting magnets to their 1.9 K operating temperature. A
27 kilometre-long helium distribution line called the QRL was
designed to distribute the cryogenic cooling power to the LHC
(figure 3), and, since several firms in CERN Member States were
competent in such technology, CERN outsourced the task. But, by
the spring of 2003, serious technical production problems, in addi-
tion to the insolvency of one of the subcontractors, forced CERN
to take on a number of QRL tasks itself to keep the LHC on track.

At the end of 2018, the LHC will enter a two-year shutdown to
prepare for the high-luminosity LHC (HL-LHC) upgrade, which
aims to increase the total amount of data collected by the LHC by a
factor of 10 and enable the machine to operate into the 2030s. Fol-
lowing five years of design study and R&D, the HL-LHC project
was formally approved by the CERN Council in June 2016 with a
budget of 950 million Swiss francs (excluding the upgrade of injec-
tors and experiments). Tendering for civil engineering and for con-
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Breakdown of works for the high-luminosity LHC

More than half of the HL-LHC project cost
concerns technical infrastructure and, in
particular, the civil-engineering work required at
the ATLAS and CMS sites. The rest is consumed
by the 11 T dipoles and other magnets, new
cryogenic equipment, compact superconducting
crab cavities, and numerous other components:

e Caverns

The underground structures required at the
ATLAS site in Switzerland and the CMS site

in France consist of a new shaft (70 to 80 m
deep, 5minradius), a service cavern (50 m
long, 8min radius) and a service gallery (300 m
long) for cryogenic, cooling and ventilation,
radio-frequency equipment, magnet power
converters and other technical equipment.

o Surface works

Overground works involve the construction of
buildings for general services and the machinery
needed to operate the equipment installed
underground. The work required at each point
covers five new buildings representing a total

o Magnets

struction and testing of the main hardware components has started,
and some of the contracts are in place. A total of around 90 invita-
tions to tender and price enquiries have been issued, and orders
and contracts for some 131 million Swiss francs have already been
placed.In June, a groundbreaking ceremony at CERN marked the
beginning of HL-LHC civil engineering.

From a procurement point of view, the HL-LHC is a very differ-
entbeast to the LHC. First, despite the relatively large total project
cost, the production volumes of components required for HL-LHC
are much smaller. Hence, although the HL-LHC will rely on a
number of key innovative technologies to modify the most com-
plex and critical parts of the LHC (see box above), these concern
just 1.2 km of the total machine’s 27 km circumference. Second,
the HL-LHC project is being executed roughly two decades later,
in a totally different technological and industrial landscape.

A key factor in much of CERN’s procurement activities is
that each new accelerator or
upgrade brings more challeng-

_ ing requirements and perfor-

From a procurement 1,71 e o
pOint of VieW, the large production volumes’
HL-LHCis a very were an incentive for potential
different beast suppliers to invest time and

resources, but this is not always
the case with the much smaller
volumes of the HL-LHC.

to the LHC.

additional floor area of 6200 m2, as well as
technical galleries, concrete slabs, roads,
drainage and landscaping.

11 T superconducting two-in-one dipole magnets
based on niobium—tin cable and a family of
various other magnet types (e.g. dipoles,
quadrupoles, sextupoles, octupoles, decapoles
and dodeacpoles) based on either niobium—tin

or niobium—titanium superconducting cable are
necessary to increase the probability of collisions.

e Cryogenics

At both ATLAS and CMS, new 1.9K cryogenic
plants will be needed, while at P4 anew 4.2K
cryogenic plantis required. These comprise
awarm compressor station connected to a
helium-buffer storage, cold boxes, compressors
and a system of cryogenic distribution lines.

Members of CERN’s procurement service
photographed with the bids received for the
HL-LHC civil engineering contracts.

e Advanced RF

HL-LHC requires compact superconducting
radio-frequency “crab” cavities with ultra-precise
phase control for beam rotation to increase the
probability of proton—proton collisions, which are
currently undergoing tests in the SPS.

e Other technologies

New technologies are also required for beam
collimation, high-power lossless superconducting
links, machine protection, ultra-high vacuum,
beam diagnostics, transfers, kickers and
numerous other aspects of the HL-LHC.
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Fig. 3. Installation of the cryogenic distribution line (QRL) in
LHC sector 1-2, the last to be equipped, in May 2006. Each
sector involved placing 325 elements and carrying out almost
2000 internal welds.

Sometimes the market is simply not willing to invest the time and
money required as the perceived market is too small, which can
lead to CERN designing its own prototypes or working alongside
industry for many years to ensure that firms build the necessary
competence and skills. Whereas in the days of LHC procurement,
companies were more willing to take along-term view, today many
companies’ objectives are based on shorter-term results.

This makes it increasingly important for CERN to convey
the many other benefits of collaborating on projects such as the
HL-LHC. Not only is there kudos to be gained by being associ-
ated with projects at the limits of technology, but there are clear
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commercial pay-offs. A study related to LHC procurement and
contracting, published in 2003, demonstrated clear benefits to
CERN suppliers: some 38% had developed new products, 44%
had improved technological learning, 60% acquired new custom-
ers thanks to the CERN contracts, and all firms questioned had
derived great value from using CERN as a marketing reference.
Another, more recent, study of the cost-benefits analysis of the
LHC and its upgrade is currently being conducted by economists
at the University of Milan, providing evidence of a positive and
statistically significant correlation between LHC procurement and
supplier R&D effort, innovation capacity, productivity and eco-
nomic performance (see pxx COST).

The success of any major big-science project depends on the
quality and competence of the suppliers and contractors. There
is no “one-size-fits-all” solution in procurement for different
requirements and, if a strategy does not work as planned because
of unforeseeable conditions, it must be changed. The 36-strong
CERN procurement team maintains a supplier database and
organises and attends industry events to connect with businesses.
It also uses national industrial liaison officers to help find suitable
companies in those countries and reaches out to other research
labs, all while involving engineers and physicists in the search for
new potential suppliers. In the end, the realisation of major inter-
national projects such as the LHC and HL-LHC is all about good

teamwork between the people responsible for the various activities
within the host facility and their suppliers and contractors.

@ Parts of this article were drawn from the recently republished
book The Large Hadron Collider: A Marvel of Technology,edited
by L Evans.

Résumeé
Les achats a la pointe de la technologie

Une cérémonie de premier coup de pioche s’est déroulée en juin au
CERN pour marquer le début des travaux de génie civil pour le LHC
a haute luminosité (HL-LHC). Les appels d’offres pour le HL-LHC
ont a présent commencé ; des contrats pour plus de 131 millions

de francs suisses ont déja été conclus. Il faut se rappeler que le
succes de tout projet scientifique d’envergure dépend entre autres

de la qualité et de la compétence des fournisseurs et contractants,

et que les achats pour le HL-LHC sont trés différents de ceux qui
avaient été faits pour le LHC. D’abord, les volumes de production
sont beaucoup plus faibles, et ensuite, le projet HL-LHC ayant lieu
environ vingt ans plus tard, le contexte technologique et industriel est
extrémement différent. Léquipe du CERN chargée des achats aura
donc de nombreux défis a relever.

Anders Unnervik, head of the CERN procurement and industrial services group.




