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Accelerators, Cryogenics and Magnetism Department (SACM)
SACM develops and builds particle accelerators,
cryogenic systems, and superconducting magnets for
IRFU's scientific programs and for those of the CEA in
general. It is organized to manage large-scale projects.
These are conducted within the IRFU project
organizational structure, in close collaboration with the
Institute's other physics and technology departments,
and in particular with the Systems Engineering
Department (SIS).
In 2009, 67 engineers and 50 technicians worked for
SACM, together with five doctorate students, several
visiting researchers, and more than fifteen students. The
workforce is divided among four laboratories:
the Accelerator Research and Development
Laboratory (LEDA),
the Laboratory for the Study of Accelerating and
Radiofrequency Structures (LESAR),
the Laboratory for Superconducting Magnet Research
(LEAS),
the Cryogenics Laboratory and Test Stations (LCSE).
A Scientific and Technical Committee, the CSTS, made
up of 16 members, including 5 international experts
from outside the organization, meets on a yearly basis
to take stock of ongoing activities and examine new
proposals. The CSTS assists the Head of SACM in
defining research and development strategy within the
Department. More specifically, it examines the
guidelines laid down in European programs, and the
files submitted to the French National Research Agency
(ANR).
SACM has access to a wide range of technical facilities
to help it achieve these objectives, such as:
specially equipped laboratories for performing
electrical, cryogenic, mechanical, and radiofrequency
tests, characterizing materials, and chemical surface
treatments;
4.2 K and 1.8 K testing stations, designed for testing
superconducting elements or electromagnets up to
20,000 A, superconducting accelerating cavities,
equipped with their power couplers, and the required
acquisition and analysis equipment;
a liquefier to produce liquid helium, and three refrigerators for the test stations.
In the last three years, SACM has scored a number of
successes. In October 2007, the Supratech research
center, set up as part of the initiative to bring research
teams closer together, conducted its first tests on its
new site, previously occupied by the Saturne
accelerator. In the summer 2008, SACM took part in

Inauguration of the large clean room

starting up Atlas and CMS, the two large detector
magnets of the Large Hadron Collider at CERN. This
rewarded nearly fifteen years of commitment and effort
by Saclay teams. In September 2009, the last W7-X coil
left Saclay, following a long test campaign on the 70
coils of the stellarator currently under construction in
Greifswald, Germany. In addition, SACM consolidated
its expertise in ECR proton sources, routinely injecting
continuous 100 mA currents, making significant
progress in the construction of the IPHI (high-intensity
proton injector) and its RFQ accelerating cavities, and in
mastering vital techniques for new accelerators such as
FAIR and ESS.
Following on from these achievements, new ambitious
projects have emerged. First, was realized the
development of accelerator facilities, with the
construction of the Spiral 2, IFMIF-injector, and SOPHI
bunkers and the large clean room, and the preparation
of the assembly hall for the XFEL cryomodules. Second,
in the field of cryomagnetism, the Iseult project has
gone from success to success in its development plan
and the industrial-scale production of the 51 tons of
superconductor has now begun. The highly innovative
coils of the R3B-GLAD spectrometer have been
produced, also on an industrial scale.
Activities over the next three years will focus on
completing the IPHI high-intensity proton injector,
achieving industrial production of the cryomodules for
the XFEL project, building and testing equipment for the
IFMIF-EVEDA prototype, and performing and
monitoring testing on the Spiral 2 cryomodules.
In the field of cryomagnetism, the JT-60SA coil test
station will be completed by 2014, opening up the
possibility of technological extensions to the ITER
program. The R3B-GLAD spectrometer will be
assembled and tested; the coils and cryostats for the
Neurospin-Iseult medical imaging magnet will be
installed to achieve its ambitious performance levels in
terms of magnetic field, homogeneity, and stability.
SACM will also be involved in developing the new highfield magnets required for the LHC luminosity upgrade.
Between now and 2014, the Department will forge
ahead with its complementary work in the fields of
accelerators and cryomagnetism, meeting the CEA's
key scientific challenges and looking to the surrounding
communities to secure the success of the Saclay
Campus.
Antoine Daël, Head of SACM
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Laboratories

LEDA
The Accelerator Research and Development Laboratory (LEDA) brings together SACM expertise and skills in
the research, construction, and testing of systems used to produce, transport, and accelerate charged particle
beams.
LEDA is a team of 14 engineers, 7 technicians and 2 doctorate students as at December 31, 2009, organized as
follows:
a team of experts in beam modeling applied to linear and circular accelerators, in the presence of collective effects
such as space charge or wake fields, and in electromagnetic calculations applied to electrostatic, magnetostatic
and electromagnetic systems;
an experimenter team specialized in R&D, setting up and operating sources and injectors;
a team of experts for measuring beam parameters involving the design and implementation of innovative
diagnostic techniques;
a vacuum and ultra-high vacuum laboratory, equipped for heat treatment and desorption measurement in
materials;
a technical team experienced in accelerator installation, mechanical assembly and cooling.
The latest events of note include the start of construction work on the Spiral 2 deuteron accelerator, currently in the
construction phase, the commissioning of the Califes electron injector for the CLIC Test Facility 3 program at CERN,
outlets for software applications developed by the laboratory, and the successful brazing of segment 6 of the radiofrequency quadrupole for the IPHI high-intensity proton injector.
Looking to the future, LEDA is committed to building accelerators for nuclear energy (IFMIF), conducting research in
nuclear physics (FAIR), and exploring the basic theory and techniques of new-generation particle accelerators, such
as electron-positron linear colliders, neutrino factories, and spallation neutron sources.

LESAR
The Laboratory for the Study of Accelerating and Radiofrequency Structures (LESAR) is in charge of
developing the radiofrequency systems required for particle accelerator operation.
Albeit the laboratory main activity focuses on accelerating cavities, research is also carried out for other critical
components, such as power couplers, cavity mechanical and piezoelectric tuners, and accelerating voltage
stabilization systems. These components are designed using simulation codes, some of them are developed inhouse. The qualification process makes extensive use of prototyping and testing under realistic operating conditions.
Improving the performance of accelerating cavities – particularly of superconducting cavities – requires research on
cleaning and surface treatments, and the development of preparation and assembly methods in a clean-room
environment to avoid contamination from particles. Specific R&D work is carried out to push back the limit of the
accelerating field in copper resistive and niobium superconducting structures.
The laboratory conducts its research and development activities with many facilities concentrated at Supratech. This
includes chemical and electrochemical treatment facilities, clean rooms, and test stations connected to
radiofrequency power sources and capable of operating at cryogenic temperatures.
In December 2009, the laboratory team consisted of 19 engineers, 12 technicians, and one PhD student.

2
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Laboratories

LEAS
The Laboratory for Superconducting Magnet Research (LEAS) was set up to meet the needs of IRFU physicists
for research into magnetic fields. For this purpose, it designs superconducting magnets for experimental facilities,
especially large-scale or high-field magnets, and carries out prime contracting activities in this area.
When designing superconducting magnets, LEAS applies its expertise to the optimization of coil geometry,
conductor design, mechanical, electromagnetic, and thermal calculations, and magnetic protection in the event of
quench. In addition to designing magnets, LEAS has the capacity to manage large projects, to develop magnets and
integrate them into cryostats, and to provide follow-up for industrial projects. Magnet control is carried out jointly
with the Cryogenics Laboratory and Test Stations (LCSE). Measurement work includes analyses of tests at ambient
and cryogenic temperatures, including quench analyses, and magnetic measurements.
Recent years have been marked by the completion of work on the construction of the LHC (Large Hadron Collider)
accelerator at CERN. The laboratory made a significant contribution to activities in this area in Saclay, at CERN, and
in European industry. Activities related to coil tests for the W7-X stellarator have also come to an end. New projects
are now underway, such as the GLAD dipole for the R3B spectrometer, the solenoid for the Iseult imaging system.
To remain competitive, LEAS has defined several areas for further development. For this purpose, it maintains and
improves its design tools, and supports an R&D program focusing on high magnetic fields. The program, which
includes preparations for the LHC upgrade scheduled for 2020, concerns the use of niobium-tin and superconductors at a high critical temperature. It is among the projects funded by the French National Research Agency (ANR)
and Europe's EuCARD project.
Support for IRFU physics experiments has not been overlooked, and the laboratory is currently involved in
development activities for the SuperFRS spectrometer (for the FAIR in Darmstadt) and the S3 spectrometer for the
GANIL facility in Caen.
As at the end of 2009, the laboratory had a team of 16 engineers, 9 technicians, and 3 doctorate students.

LCSE
The task of the Cryogenics Laboratory and Test Stations (LCSE) is to master cryogenics technology for
superconducting magnets, accelerating cavities, physics detectors (cryogenic target systems, calorimeters), and the
production and distribution of liquid helium.
Its expertise is applied to the design, construction, and operation of cryogenic facilities of various types and sizes.
The fluids used at these facilities are helium I and II, nitrogen, argon, and hydrogen. Design and construction work
focuses mainly on cryostats and the related cryodistribution function, as well as low-temperature refrigeration
machines, ranging from cryogenerators to high-power helium refrigerators.
The laboratory manages testing and characterization stations that form a series of 15 complementary facilities used
to determine the mechanical, thermal and electrical properties of various materials (insulators, composites, metal
alloys and superconductors) at cryogenic temperatures and in a magnetic field. They are also used to test cryogenic
subassemblies (magnets, cavities, etc.) under design conditions, as well as their components, which may range in
size from a few millimeters to several meters.
R&D activities are conducted in the area of low-temperature heat transfer (helium II in porous media), two-phase
flows (convection loop with helium I, nitrogen, etc.), and instrumentation development.
As at December 31, 2009, the laboratory had a team of 11 engineers and 13 technicians.
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High-intensity ion linear accelerators

The IPHI high-intensity proton injector
high-intensity proton accelerator is a source of secondary beams - containing neutrons,
muons, neutrinos, radioactive nuclei – that open up new fields of study and applications, in
both fundamental and applied research. The proton injector built for these new-generation
accelerators will be used to obtain design and experimental benchmarks for the particularly
critical choices to be made for the low-energy line. The IPHI high-intensity proton injector, which
is being built in collaboration with the CNRS National Institute of Nuclear Physics and Particle
Physics (IN2P3) and CERN, meets these objectives.

A

The IPHI is a proton injector that accelerates a continuous 100-mA beam at energies up to 3 MeV. It
consists of a proton source (SILHI), and its low-energy
beam transport line (95 keV), a radiofrequency
quadrupole (RFQ) accelerating cavity, with an energy
range up to 3 MeV, and a diagnostics line designed to
measure all the main characteristics of the beam leaving
the RFQ.

minimum. The downside to this exceptional performance is that the cavity involves complex technology
and is very hard to make.

SILHI ion source
The SILHI high-intensity, light-ion source has been used
to produce H+ proton and D+ deuterium beams since
1997. It is used as a test bench for demonstrating the
production of a 100 mA proton beam at 95 keV over a
prolonged period. During these operating periods, the
beam is used to test new non-interceptive diagnostics
(residual gas ionization profile monitor) for intense
beams. It is also used as a test bench for measuring
secondary radiation produced by deuteron beams.

Building the RFQ accelerating cavity
The RFQ accelerating cavity is the key component of this
accelerator. This resonant cavity (or cavity resonator) is
excited by a radiofrequency wave (352 MHz) to perform
three simultaneous functions: divide the beam into
bunches, accelerate it, and focus it to reduce loss to a

Assembling section 6 at Mécachrome
before brazing.

The cavity is composed of six one-meter sections. Each
section is made separately according to a four-pole
design. Its longitudinally modulated profile must be
precision-machined to within 20 µm. Cooling channels
are drilled along the length of the section and must be
positioned to the nearest 200 µm. Radiofrequency
measurements are performed on the assembled section
to check precision. The selected material is ultra-pure,
oxygen-free copper, hot forged in three dimensions,
then stabilized by a thermal cycling process. After the
roughing phase (to within 1 mm), each pole is put
through another thermal cycle in a vacuum at 600°C.
The purpose of this is to relieve the mechanical stress
induced by the milling tool. At the end of the finishmachining stage, the four poles are assembled by initial
brazing at 800°C in a vacuum furnace. Then all the
other parts required for operation, such as flanges, and
nozzles for pumps and tuning pistons, are brazed on.

View of a major pole of section 6 during pre-brazing
cleaning at the CEA.

5
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High-intensity ion linear accelerators

Bodycote is responsible for brazing, following cleaning
by the CNRS IPHI team, while the mechanical definition
is subject to agreement by all the partners. Under the
new arrangements, the vertical brazing process was
successfully used to braze section 6 and repair section
2. By the summer 2010, the CEA will have three
completed sections at its disposal, with the next three
being scheduled for completion at the end of the year.

Radiofrequency power supply

View of section 6 in the
brazing furnace at
Bodycote.

Series production of these sections began in 2004.
Mécachrome handled the machining work, while the
CERN brazing shop was initially put in charge of
assembly operations. Sections 2 and 3 presented
defects: a vacuum leak in section 2 and the
poles were shifted during brazing work on
section 3, calling for corrective action. At the
end of the collaboration agreement with CERN,
the IPHI team decided to work with Bodycote on
brazing. This new technological approach
resulted in a partnership with two companies,
according to the following work breakdown:
Mécachrome is in charge of machining,

View of section 3 at the
end of the manufacturing
process (machined,
copper poles, flanges and
nozzles brazed).

6

The two Thales Th2089 klystrons (K1 and K2),
recovered from CERN's old LEP accelerator, have been
reconditioned for radiofrequency (RF) power. K1, which
has a 1.1 MW power rating, was successfully tested in
pulsed mode up to 900 kW peak power (300 ms, 1 Hz),
with the circulator output connected to a short-circuit,
then up to 800 kW in continuous-wave or CW mode,
with the circulator output connected to a load. K2 was
tested up to 1 MW in pulsed mode but unfortunately a
crack in the collector made it unusable. CERN is to
provide another klystron, on loan, but this is limited to
1.1 MW, instead of the 1.3 MW available from the
previous K2 klystron. As a result, the waveguide system
will have to be modified to supply the RFQ cavity
through four RF inputs, instead of the three initially
planned.
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High-intensity ion linear accelerators

Klystrons and waveguide system
to power the IPHI's RFQ cavity.
In the blue frame on the left:
1.3 MW, CW salt-water load.
Bottom, from left to right: circulator
with its 300 kW CW coaxial load,
waveguide, klystron K2.

In addition to the IPHI injector, the studies on future
high power proton accelerators (ESS, ADS, neutrino
factory) require the availability of powerful 704 MHz RF
sources to operate the cavity and coupler test benches
of the SupraTech platform. Following the modification
of the high-voltage (HV) power supply, the HV pulse
modulator is now fully operational for Supratech. The
CPI 704 MHz klystron (1 MW peak power, 2 ms, 50 Hz
pulsed mode) is in routine use on a coupler-cavity setup installed at Cryholab. The 80 kW CW amplifier
operating at 704 MHz and using a Thales inductive
output tube, or IOT, has been reassembled, and HV
power supply tests have begun. The Thales 1300 MHz
klystron (1.8 MW peak power, 1 ms, 10 Hz, pulsed
mode) has been set up at the center.
80 kW CW amplifier operating at 704 MHz. From left to right:
circulator, waveguide, IOT installed in its cavity.

Installation at the Saclay site

CPI 704 MHz klystron, 1 MW peak, 100 kW average power. In
background on right: circulator and its water-cooled load.

Work on installing the IPHI in the halls formerly housing
the Saturne accelerator at the Saclay site began in
2003, with the assembly of the proton source and
biological shields. Testing on the cooling system and RF
power sources (klystrons from CERN) began in early
2008. The safety infrastructures (access ports and
radiation detection) are operational. The diagnostics
line used to characterize the beam has been assembled
and placed under vacuum. All instrumentation and
control points have been validated. The injector will be
started up in 2011.

7
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High-intensity ion linear accelerators

IFMIF accelerator complex
he International Fusion Material Irradiation Facility or IFMIF is designed to irradiate
(with a neutron flux) and characterize the materials used to build future fusion reactors.
It will consist of two accelerators, each generating a 125 mA continuous deuteron beam at an
energy level of 40 MeV, aimed at liquid lithium target to produce an intense 14 MeV neutron
flux (1018 n.m-2.s-1). In view of the high intensity and characteristics required of the beam,
a preliminary phase, called EVEDA (for Engineering Validation and Engineering Design Activities)
must be carried out. The phase includes the construction of a prototype accelerator
(9 MeV at 1 MW) to be installed in Rokkasho, Japan.

T

Schematic diagram of the IFMIF-EVEDA
prototype accelerator. LBE: low-energy
line – RFQ: radiofrequency quadrupole –
LME: medium-energy line – SFR-Linac:
superconducting radiofrequency linac –
LHE: high-energy line.

The IFMIF-EVEDA prototype accelerator
The IFMIF-EVEDA Engineering Department (SIIEV) is in
charge of building the prototype accelerator. It is
backed up in this by SACM for all technology relating to
the injector, beam dynamics, radiofrequency,
cryogenics, and superconducting accelerating cavities,
and by the SIS for mechanical design and monitoring
the manufacture of components by industrial
contractors.

SACM is responsible for building the 100 keV deuteron
injector. The IFMIF-EVEDA source is based on the design
of the SILHI source, and equipped with an extraction
system optimized for a deuteron beam. The low-energy
line was designed following an intensive beam
dynamics simulation campaign to take into consideration space charge compensation phenomena in the
transport line, and to preserve emittance.

The main obstacle to be overcome is the high beam
intensity. Beam loss - no matter how slight - can
damage the accelerator and lead to the activation (i.e.
radioactivation) of machine components, while significant space charge forces tend to defocus the beam
and increase its emittance.

SACM also designed beam transport in the mediumenergy line, as well as the superconducting linac with its
half-wave cavities. Beam dynamics simulations validated
the level of beam loss, which must be maintained at less
than a fraction for a million.

Simulation of beam density along
the medium-energy line and the
IFMIF superconducting linac, made
up of four cryomodules. Accelerator
parameters have been optimized to
keep the beam as far from the
beamline walls as possible.

8

CEA_Sacm_2010_UK_6

9/09/10

10:51

Page 9

High-intensity ion linear accelerators

Cryomodule
The cryomodule of the IFMIF prototype accelerator will
be designed to accelerate the deuteron beam exiting
the RFQ at 5 MeV up to 9 MeV. It comprises eight superconducting cavities operating at 175 MHz, equipped
with power couplers that continuously transfer 70 kW
of power to the beam. Eight superconducting solenoids
are fitted between each cavity to focus the beam. The
Spanish laboratory, CIEMAT, is responsible for the
solenoids and for some services concerning the radiofrequency systems.
The studies, which began in late 2008, led to two novel
solutions:
1. The horizontal position of the cavities, which makes
it possible to install the power coupler vertically and
thus reduce the risk of damaging its ceramic leaktight
section.

The eight cavities equipped with their power couplers
and the superconducting solenoids after assembly in the
clean room.

2. A frequency tuning system, integrating a capacitive
plunger, which provides a wide tuning range and
reduces the distance between the cavities and
solenoids. This need for reduced dimensions is required
by the beam dynamics to limit the beam losses.
Two liquid helium circuits at a temperature of 4 K cool
all the cavities, independently of the solenoids. A frame
and Invar bar serve to align the cavities and solenoids in
relation to the beam axis, once they have been cooled
to 4 K, and also to fix the longitudinal position of the
eight power couplers.
Construction of two prototype cavities began at two
different companies during the summer of 2009. RF
performance tests at 4 K are scheduled in autumn
2010. A preliminary study of the power coupler has
been carried out to prepare the design and construction
contract for all the couplers.

Unit cell of the cavity line composed
of a superconducting solenoid and
a (horizontal) cavity, equipped with
its (vertical) power coupler, and its
frequency tuning system (mechanical system visible at the top).

General view of the IFMIF/EVEDA cryomodule.

9
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Spiral 2
ith the detailed design phase completed at the end of 2005, the Spiral 2 project has now
entered its construction phase. The low-energy ion beam injector, installed at the LPSC in
Grenoble, and the proton and deuteron injector currently being installed at the Saclay site,
began producing their first beams in 2009. SACM is involved in four aspects of the project:
building the Saclay proton and deuteron injector, studying beam dynamics, with a focus on consolidating the accelerator and tuning procedures, building and testing the 12 low-energy cryomodules, and developing the S3 spectrometer.

W

Injector
The decision to install the low-energy deuteron
beamline (LBE2), and the joint ion and deuteron
beamline (LBEC) at the Saclay site was taken during the
Spiral 2 construction phase, with a view to eventually
installing the beamlines at the GANIL facility in Caen.
Two bunkers, one for the H+ and D+ ion source, the
other housing the injector, were designed and built
from existing concrete blocks to contain the neutron
flux. This is achieved through the interaction of the
deuteron beam with the deuterium contained in the
building material.

The Spiral 2 source with its two magnet rings.

Particle beams
SACM takes part in consolidating the specifications for
the Spiral 2 accelerator. Its activities in this area include
conducting massive simulations, involving up to a billion
particles, to obtain precise beam loss estimations. It
supplies simulation codes and their upgrades, and
provides access to its computer cluster.

The Spiral 2
source on its
high-voltage
platform.

The deuteron source was first optimized on BETSI, the
ion source design and test bench. It benefits from
development work carried out by the laboratory on ECR
ion sources, namely on a simplified magnetic structure
and compact accelerator tube. The Local Safety
Committee authorized the startup of the injector at
Saclay after examining the safety analysis file.

10

Result of a study on the Spiral 2 machine's sensitivity
to defects. Shown here is the distribution of 300
million particles along the accelerator. This type of
data is used to estimate beam loss probabilities, and
thus define acceptable amplitudes for the defects
studied.
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The department is also closely involved in defining,
implementing and on-site testing of tuning procedures,
as well as developing advanced control command tools,
in particular the “virtual machine” program that will
make the connection between the control command
and the simulation codes.
The two injector lines currently in operation are used to
validate adjustment procedures and compare simulations with observations. SACM takes part in the measurement campaigns carried out in Grenoble, and
conducts campaigns at Saclay aimed at acquiring the
knowledge required to ensure that the accelerator is up
and running quickly once the lines are installed at the
GANIL facility in 2011.
The two pre-series cavities delivered to Saclay before the
helium chamber was welded.

Before starting series production of the cryomodules, a
qualification model was built. The first tests at 4 K were
carried out in December 2008, reaching 10 kW
maximum RF power. Cavity and cryostat seriesproduction contracts were notified in 2009, with
deliveries scheduled for the summer 2010. The
cryomodule assembly and testing phases take place at
Saclay until the end of 2011.

Measuring a 500 µA O6+ beam as it leaves the lowenergy beamline separator at the LPSC. Measured
emittance values, 0.22 mm.mrad, are close to those
predicted by simulations (0.2 mm.mrad.)

Low-beta cryomodules
The Spiral 2 superconducting linear accelerator will
include two types of cryomodules, comprising cavities
with optimized geometry for accelerating particles to
7% the speed of light (for low-beta cavities: = 0.07)
and 12% the speed of light (for high-beta cavities:
= 0.12). SACM is responsible for the development,
construction, and testing of the 12 low-beta cryomodules, and for delivering them to the GANIL site.
Each cryomodule includes a cavity equipped with an RF
power coupler designed to inject the 10 kW required
for this type of cryomodule to operate. These couplers
are supplied by the LPSC in Grenoble. A mechanical
system is used to adjust the cavity frequency at 4 K
through deformation of the cavity walls at extremely
high resolution (to within a few nanometers) and over a
wide amplitude (2 millimeters). Cryogenic circuits are
used in conjunction with a thermal shield and multilayer
superinsulation to cool the cavity to 4 K.

Qualification cryomodule being assembled.

11
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S3 spectrometer
The S3 spectrometer, or Super Separator Spectrometer,
will be used by one of the first Spiral 2 experiments at
the GANIL facility. It will use stable ion beams produced
by the superconducting linac to study the synthesis and
spectroscopy of super-heavy elements, mirror nuclei
(N = Z) and transfer reactions in light nuclei.
SACM is involved in the spectrometer definition phase.
The spectrometer will occupy a floor area of 26 m x 12 m.
A primary beam rejection rate of 1013 must be achieved.
Large aperture magnets are needed to transmit the
secondary beams that have large angle, energy, and
charge-state distributions.
The S3 is divided into two separation stages. The first is
a momentum achromat, achieved with two magnetic
dipoles, which separates the reaction products from the
primary beam. The second is a mass separator, made
with an electric dipole and a magnetic dipole, used for
identification of the nuclei of interest. Focusing is

Installation of the spectrometer in the S3 experimental area.
Coils of an open superconducting multipole (top left) and the final
focusing plan (bottom right).

12

performed by quadrupole triplets. The high momentum
acceptance (± 7%) and charge acceptance (± 10%)
calls for chromatic correction using sextupoles,
moreover the required mass resolution (1/300) implies
the use of octupoles to correct higher-order aberrations.
Due to available space constraints, these correctors
must be built into the quadrupoles.
After the first dipole of the momentum achromat, the
primary beam is no longer within the spectrometer
momentum acceptance. Therefore, the magnets
located right after this dipole must be open in the
median plane to allow primary beam extraction. SACM
has studied both superconducting and conventional
solutions for these magnets, and carried out transport
simulations to demonstrate that the required separation
is still achieved.
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BETSI and ion source development
he ion source design and test bench, BETSI, has been in use since 2006 to produce and
analyze intense beams, in pulsed or continuous mode, up to several tens of mA and at
energies up to 50 keV. The source on this facility, operating at up to 50 kV, is supplied with
radiofrequency power via a high-voltage switch. A solenoid focuses the beam at the exit of
the accelerator tube, and a dipole is used to separate the extracted species. The beam is
characterized by various diagnostics already in place or under development.

T

Two development approaches to the extraction system
are under study. A modified mechanical system to make
it easier to optimize inter-electrode distances is being
tested on BETSI. Backed up by numerical simulations,
reducing the number of electrodes from five to four
should minimize the emittance of very high-intensity
beams on extraction (from a few mA to 150 mA).
Compared with a simpler, three-electrode system,
which is more effective in terms of transport, this
solution, with its additional intermediate electrode,
minimizes electrode loss.

BETSI, the ion source design and test bench.

A new magnetic configuration, composed of two,
instead of three, permanent magnet rings, has been set
up to obtain the electron cyclotron resonance
– or ECR – to ionize the gas injected into the source. The
new configuration was made possible by modifying the
pure iron shielding. This improvement is the fruit of
preliminary calculations performed using the Vector
Field© Opera 2D and 3D codes and the Radia code.
Thesis work on the interaction of the RF wave with the
plasma, and on beam extraction in a strong magnetic
field, has just begun.

New extraction system under
test on BETSI.

Simulating the extraction of a
150 mA deuteron beam using
a four-electrode system (the
electrodes are polarized at
+ 95, + 55, - 10, and 0 kV).
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High-intensity ion linear accelerators

Radiofrequency quadrupoles
he radiofrequency quadrupole, or RFQ, is a vital structure for ion linear accelerators. It
fulfills the beam bunching and pre-acceleration functions that are essential for effective
energy transfer in the upper stages, while ensuring particle confinement. Efforts to optimize
RFQs are aimed at achieving the most effective bunching possible, at minimum power
consumption, and with very low sparking rate. Reproducing the optimized amplitude of the
electromagnetic field to within a few per cent requires manufacturing tolerances in the region of
a few tens of microns at the pole ends.

T

The three RFQs under construction. From left to right: IPHI section no. 2, Spiral 2 prototype, Linac 4 section no. 1.

The IPHI RFQ will consist of three coupled segments,
two meters in length, operating at 352.21 MHz. Each
segment comprises two sections, each made up of four
brazed copper vanes. After each milling and brazing
stage, RF measurements are performed using the bead
pull technique to determine the relative errors of the
three main electrical parameters of the RFQ, according
to the axial position. Specifications of tuning slugs
range and design of end plates and coupling plates
have been modified to cope with the significant shifts
observed during the brazing of section no. 3.

The RFQ for Spiral 2, which will be installed at the
GANIL facility, will operate at 88.25 MHz. It will consist
of a single five-meter-long segment, and will be able to
generate 5 mA of deuterons at 40 MeV continuously. It
was designed by SACM and SIS departments, who will
also monitor construction. A meter-long prototype has
been built and tested at rated power (40 kW). The ends
of the electrodes are observed through a camera.
Digital processing (correlator + interpolator + drift
compensation) is carried out to track shifts over time,
with a resolution in the region of 0.6 µm, which is well
below pixel size (30 µm). Research Instruments GmbH is
in the process of building the first RFQ section.
The Linac 4 RFQ will consist of a single 3 m segment
operating at 352.2 MHz, and will produce 70 mA of
H- ions in various LHC operating modes. It was jointly
designed by teams from SACM, SIS and CERN. Section
no. 1 has been precision-machined and brazed at CERN.
The techniques developed for these different RFQs are
also of prime importance for the IFMIF and ESS projects.

RF model of the Linac 4 RFQ entrance, obtained using
Soprano software: electric field on the four vanes, including
modulation, and the end plate tuning pistons.
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High-intensity ion linear accelerators

Accelerating structures for superconducting
proton accelerators
ew programs (SLHC-PP, EuCARD and the French contribution at CERN) were launched in 2009
to continue development activities focusing on pulsed superconducting accelerators for
intense proton beams, carried out as part of Europe's CARE/HIPPI program. These activities have
also been spurred by the decisions taken by the SPL (CERN) and ESS-S project managers to adopt
704 MHz superconducting cavities as the reference solution for their proton linacs.

N

Frequency tuning system
As part of its work in these programs, SACM has
developed elliptical superconducting cavities that are
optimized for intense beam acceleration in pulsed
mode. This operating mode causes amplitude and
phase variations in the accelerating field, due to electromagnetic pressure forces that act on cavity walls, which
in turn affects the cavity frequency. The higher the field,
the more pronounced this phenomenon which can be
detrimental to the quality of the accelerated beam. To
overcome this problem, SACM has developed a fast
frequency tuner and a compensation algorithm. Both
were qualified during a test campaign on a cavity with
equal to 0.5 (elliptical five-cell cavity operating at
704 MHz and optimized to accelerate particles with a
velocity ratio of = v/c = 0.5) well suited for study of
electromagnetic pressure effects.

Performance of the = 0.5 cavity, developed as part
of the CARE/HIPPI program, with and without the
magnetic shielding designed to screen the Earth's
magnetic field, which increases the dissipation in the
superconducting cavity.

Power couplers

= 0.5 cavity in its helium tank, and equipped with its
frequency tuning system.

Research into this type of accelerator concerns proton
beams of several tens of mA and high gradients, in
excess of 20 MV/m. Such parameters call for power
couplers that are capable of transmitting several
hundred kW to each cavity. SACM has developed two
prototype power couplers, optimized for a frequency of
704 MHz, and conditioned up to 1.2 MW with a 10%
duty factor (which is the limit of our radiofrequency
system). After installing one of these couplers in a clean
room on the
= 0.5 cavity, the set-up operated at
1 MW at the rated duty factor, in the Cryholab
horizontal test cryostat. These excellent results
demonstrate that a single coupler is able to supply a
high-energy cavity on the SPL or ESS linacs with the
required power of approximately 1 MW.
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High-intensity ion linear accelerators

Elliptical

= 1 cavities

Drawing on its experience in these systems, SACM has
designed a five-cell, = 1 elliptical cavity, operating at
704 MHz, and optimized to accelerate protons with an
energy of around 1 GeV. Its shape is particularly wellsuited for operation at a high gradient of 25 MV/m.
Researchers are now studying components called “high
order mode couplers” used to damp instabilities that
are detrimental to the beam. The cavity, made from
high-purity niobium (RRR > 300), will be equipped with
niobium-titanium, electron-beam-welded flanges, and a
titanium helium chamber, also welded. A specially
designed titanium side piece, located between the
helium chamber and the cavity, is included for fitting
the frequency tuner and effectively transmitting the
deformations induced by the fast piezoelectric system.
Two prototype couplers assembled on the 704 MHz
coupler conditioning test bench.

Supratech
SACM has set up a high-performance facility – the only
one of its kind in Europe – to condition and test the
704 MHz systems developed for this type of accelerator.
The Saclay Supratech facility groups together the
equipment required to generate RF power up to a peak
of 1.2 MW at 704 MHz, in 2 ms pulses, at a repetition
frequency of 50 Hz, together with the test cryostats
used to qualify accelerator components under realistic
operating conditions.

= 0.5 cavity being assembled in the Cryholab horizontal test cryostat.
The cavity is fully equipped, with its helium tank, frequency tuning system,
power coupler, and magnetic shielding.

16

Mockup of the = 1 cavity developed for the EuCARD
program. The cavity is ideally suited for accelerating
high-energy proton beams.
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Electron-positron linear
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Electron-positron linear accelerators

The Compact Linear Collider
he Compact Linear Collider, or CLIC, is the name of a project aimed at developing an
electron-positron linear collider for very high-energy physics research (3 TeV center-of-mass
energy). The machine will allow physicists to carry out experiments that are beyond the reach of
the existing LHC facility. Covering a distance of 50 km, the facility will include the use of highperformance copper accelerating cavities. These will resonate at a frequency of 12 GHz and
accelerate particles at a 100 MV/m gradient. As part of the experimental validation of the novel
two-beam acceleration concept, called CTF3 (CLIC Test Facility 3rd phase), the CEA has built an
accelerator called Califes at CERN. Califes is designed to inject a test beam into prototype
accelerating structures at 12 GHz.

T

The Califes accelerator
Based on a photoinjector gun developed by the LAL in
Orsay, and on three 3 GHz accelerating sections
recovered from the LEP injector, the project required the
collaboration of many teams from the Saclay site
(SACM, SIS, SEDI, and the DEN for the laser part). Since
December 2008, Califes has produced a beam over four
periods, coming nearer to nominal performance requirements each time. Following three years of intense
development work at Saclay, a new type of phase
shifter has been installed at the RF entrance of the first
structure. It will offer enhanced operating flexibility,
with higher beam energy (up to 170 MeV) or shorter
electron bunches (0.75 ps).

300-mm-long CLIC accelerating structure,
equipped with a WFM.

Since 2008, SACM has been working with CERN on a
program to develop these high-gradient structures. The
program involves studying and designing cavities,
manufacturing them under industrial conditions, and
testing them using the Califes electron probe beam at
the CTF3. One special feature of these structures is a
detector, known as a wake-field monitor, or WFM, that
is designed to align the cavity with the particle beam
while the machine is in operation.
The chief technical achievements to be highlighted are:
CTF3 experimental room. Califes can be seen
in the foreground (by courtesy of CERN).

12 GHz accelerating structures
The inner surface of the cavities is, in some spots,
subjected to electric fields of up to 200 MV/m and a
50°C rise in temperature over 200 ns pulse durations.
These characteristics are near the breakdown threshold,
so the main challenge is to reduce the risk of an arc
occurring during operation.

18

Simulations of wake fields generated in the
accelerating structures by an off-axis beam and the
implementation of instrumentation to detect them;
Precision machining to obtain accelerating cells with a
form tolerance of 5 µm, flatness of 1 µm, and
roughness of 25 nm;
Procurement of a solid-state modulator generating
pulses with the following characteristics: 430 kV
amplitude, 2.6 µs pulse width, and 50 Hz repetition
frequency. Testing this modulator on a resistive load;
Design and manufacture of overmoded X-band
radiofrequency components.
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Electron-positron linear accelerators

The International Linear Collider
n order to reach the desired luminosity, the beams of the ILC (International Linear
Collider) and the CLIC (Compact Linear Collider) are focused down to nanometer
vertical spot sizes. SACM is involved in studying the final focus and the interaction region
for these projects. It has taken over and improved the design of the International Large
Detector's magnet to meet physicists' requirements.

I

radial component of the magnetic field is therefore
added to the effect of the axial field. These phenomena
increase the size of the beam and offset its trajectory at
the interaction point. Solenoid effects on the
nanometric beam had to be modeled with sufficient
precision, and work was carried out to optimize their
correction using an anti-solenoid. In this way, the
luminosity was restored by optical corrections for both
the detectors, the ILD and SiD (Silicon Detector),
planned in the interaction region.

Vertical trajectory of the beam in the ILC interaction region, with a 14 mrad crossing angle.

Beam interaction region
Further to the study presented in 2007 on a final focus
system with a head-on collision scheme and based on
four wide-aperture superconducting quadrupoles,
thesis work has begun to study the tuning of beam
parameters for collisions with a non-zero (14 mrad)
crossing angle. In such cases, the beam enters the
detector solenoid off axis. A deviation induced by the

ILD superconducting solenoid
The standard version still uses a CMS solenoid magnet,
with a 3.5 to 4 T field in a warm aperture around 7 m
in diameter. Studies also considered ways of improving
the homogeneity of the magnetic field and including a
device to minimize effects due to beams crossing at a
non-zero angle.
These studies can be broken down into the following
main stages:
first version presented to the ILD workshop
(September 2008, Cambridge, UK),
more elaborate version drafted for the Letter of Intent
(March 2009),
3D comparison of various solutions carried out, with
and without built-in devices for improving the
magnetic field, and with and without an antiDiD (dipole-in-detector) component, to
minimize the effects of beam crossing at a
non-zero angle (4th ILD meeting, January
2010, Paris).
Physicists now have all the data they need
to reach a decision concerning the final
magnetic configuration for the detector.

Simplified geometry of the magnet and
anti-DiD for magnetic calculations.
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Electron-positron linear accelerators

The XFEL light source
he European X-ray Free Electron Laser (E-XFEL) project will use a 14 GeV electron beam to
create an X-ray source that will be a million times more intense than synchrotron-based
sources. Located in Hamburg, near DESY, the German Electron Synchrotron, it will be used to
explore new areas of chemistry, biology, and material science, calling for intense and ultra-short
(sub-picosecond) beams.

T

The instrument is built around a 14 GeV electron linac,
1.2 km in length. The linac includes superconducting
RF cavities made of bulk niobium, developing a
23.6 MV/m accelerating field, similar to those used on
FLASH, the 1 GeV accelerator at the DESY site. When
completed in 2014, the E-XFEL will be the largest
superconducting linear accelerator ever built. IRFU is
working with teams from DESY,
IN2P3-LAL, and the INFN on
this project. It is responsible for
integrating all 83 accelerating
cryomodules at Saclay. For this
purpose, SACM is developing an
assembly infrastructure, called the
“XFEL Village”, which will be made
available to an industrial operator for
the three years required for the
operation.

Superconducting RF cavity made of solid niobium.

The layout of this infrastructure was proposed in
2008 as part of the preliminary industrialization
study by Thales DIS. It consists of three assembly halls
located around the courtyard of Installation 218. A line
of seven workstations, designed to produce one
cryomodule per week, will gradually integrate the
different components of the cryomodule over seven
weeks. Work will begin in the large clean room, with
the
assembly
of
eight
superconducting
accelerating
cavities in a 12 meters long string.
Other workstations are designed
for aligning the cavities, placing
them in the cryostat, and
mounting the eight RF power
couplers.

Layout diagram of cryomodule
assembly halls, including the large
clean room where the cavity strings
are integrated.
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3D view of the XFEL
linear accelerator
tunnel, with installation
of the cryomodules in
progress.
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The SOPHI positron source
s a technological extension of the fundamental antihydrogen R&D carried out by the SPP,
IRFU's Particle Physics Department, the SOPHI project aims to build high-intensity positron
source. Positrons are produced when electrons interact with a tungsten target; they are then
collected and guided by a magnetic system. The system's novelty lies in the low energy of the
incident electrons, leading to a positron beam with high dispersion in terms of energy and pulse.
The challenge is to capture these positrons and separate them from the electrons, which
outnumber them by a thousand to one.

A

The ultimate goal of the antihydrogen experiment is to
verify the sign and intensity of gravitational acceleration
for antimatter. In the extreme cases of models that
allow for the possibility of negative acceleration, an
atom of antimatter subjected to the Earth's gravity
alone would rise rather than fall.

Positron and electron flux detector for measuring positron
production efficiency.

The SELMA electron linac (left) and SOPHI source (right) in the
radiation protection bunker.

The construction of the source,
based on a concept patented by
physicists Patrice Perez and André
Rosowsky, was funded by the French
National Research Agency in 2005.
Additional funds were provided by
the Essonne Council in 2006 for the
acquisition of a 6 MeV miniature
electron linac, called SELMA.
The SOPHI positron source and its
accelerator, SELMA, were installed in
Simulating positron and electron
Hall 126 in 2008. Debugging tests
flux produced by the tungsten
continued until late 2009. Various
target at the detector.
iterations were required to improve
the signal-to-noise ratio of the
detection system, and overcome disturbance due to
linac radiofrequency emission. A positron signal was
identified in December 2009. Its intensity was lower
than predicted by modeling work, and studies are now
underway to seek an explanation for this. A target
holder with a built-in cooling system is under
construction to increase the positron production rate of
the facility.

A request for additional funding was made to
RTRA-P21 (the thematic research network on
physics of the two infinities) to develop the
facility further, and build an exit line for
positrons coming from the radiation
protection bunker. Work has begun to study
this line in conjunction with a tungsten
moderator.
Positrons are also used in materials science as
probes to characterize the size of point
defects in crystal structures. The new source
may eventually be used to replace the
sodium-22 sources that currently supply
positrons for materials science applications.
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Developments for future particule accelerators

A chemistry laboratory and clean room for Supratech
ith the emergence of projects with large-scale accelerating cavities or even complete
cryomodules (e.g. Spiral 2 and XFEL), there has been an increasing need for large surface
preparation and clean room assembly facilities.

W

This need has now been met with the clean room and
chemistry laboratory that has been built at the
Supratech cryo-RF center. The new rooms occupy an
area of 1500 square meters and allow all activities
related to radiofrequency cavities to be gathered on a
single site.
It took three years to build this major facility, from the
requirements studies, which began in December 2006,
to the official opening in November 2009. The facility
includes:
a chemistry laboratory, and its adjoining covered
storage area, for handling the hundreds of liters of
concentrated acid required for cavity surface
treatment,
a pure and ultra-pure water treatment system, each
capable of supplying 4 m3/h of water, right up to the
clean room,
a 179 kW refrigeration system,
a waste treatment facility (water, acid, vapors),
a 170 m2 clean room, including a 112 m2 ISO
4-graded area (previously class 10), equipped with
108 motor-driven terminal filters, and connected to a
33,500 m3/h air treatment unit, with an air exchange
rate of 478 volumes per hour,

Chemical treatment fume hoods used
where the cavity inner walls are treated
with filtered acids to reduce the risk of
dust contamination.

a 370 m2 assembly area with hoisting equipment for
handling loads weighing up to 20 metric tons.
With this new facility, Supratech will be
able to play a key role in a number of
European large-scale accelerator projects,
and remain among the world leaders in RF
superconductivity development work for
the next twenty years.

Chemistry laboratory and clean room facility. In
the background on the right: washing cabin.
Behind the rear wall: ISO 4-grade room; the
ventilation system can be seen at the top.
Behind the wall on the right: chemistry
laboratory.
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R&D in superconducting radiofrequency applications
&D in this area seeks to improve the performance of niobium accelerating cavities.
They are qualified by two figures of merit: the accelerating field, Eacc, and the quality
factor, Q0, which is inversely proportional to the surface resistance. Shorter structures can be
obtained by increasing Eacc, and cryogenic cooling requirements can be reduced by increasing Q0.
So far, accelerating fields in the region of 40 MV/m have been obtained with a quality factor of
about 1010, but only with bulk niobium, electropolished, baked cavities. Additional facilities for
studying surfaces and superconductivity are now available in completion to ongoing experiments
to optimize electropolishing and baking processes. Recently a new development work has just
begun on a new family of superconductors that are specially tailored for superconducting
radiofrequency (SRF) applications, and that should outperform bulk niobium.

R

Research on electropolishing (EP)
The experimental R&D on electropolishing started under
the CARE-SRF program has continued. Impedance
spectroscopy studies on revolving samples have
provided greater insight into the electrochemical
aspects of the system. Models made using Comsol
software and applied to multi-cell devices have also
shown that the process could be improved through
enhanced fluid homogenization. Work on a single-cell
cavity showed that low-potential treatment was just as
effective as the standard process and induced less
electrolyte contamination. Rinsing a contaminated
cavity with chloroform proved effective and resulted in
a record 44 MV/m field. Tests were also performed on
new electrolytes offering improved performance in
terms of lifetime and roughness. All these experiments
involved foreign partner laboratories: DESY, KEK, and
J-Lab. A vertical EP line for large, multi-cell cavities (ILC,
SPL) will soon be installed at Supratech.

Suppressing field emission on a
single-cell cavity after rinsing with
chloroform. After rinsing, the cavity
reached a record 44 MV/m field.

Comsol-generated model of
hydrodynamics and acid
concentration during
horizontal electropolishing of
a 9-cell cavity. The process
could be made more
homogeneous.
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Baking and surface analysis
A “fast” baking process for cavities
has been developed. The new
process is an improvement on
“standard” baking, in which
cavities are placed in a vacuum at a
temperature of 120°C for 48 hours.
Baking modifies the superconducting surface, a phenomenon
that has often been attributed to
the diffusion of interstitial oxygen at
the metal-oxide interface. A PhD
research conducted in collaboration
with the Max Planck Institute in
Stuttgart has definitively ruled out
this hypothesis. Low-angle X-ray
methods (synchrotron radiation)
allowed extremely precise observation of transformations in the
oxide layer and of oxygen diffusion.
Not only does the quantity of
oxygen not drop during baking, but
for some crystallographic orientations it actually increases, although
energy dissipation decreases in
baked cavities. Positron annihilation
experiments, carried out in collaboBaking a single-cell cavity in the
ration with the CNRS in Orleans,
clean room.
have shown that baking leads to a
very significant increase in the
number of vacancies in the first 100
nm of the surface (which is where the magnetic field
causes dissipation). This observation points out to alternative explanations for the baking effect.

New composite superconductors
A number of experimental
findings, combined with the
latest theoretical progress in the
field of SRF, would seem to
suggest that the dissipation
phenomena observed at high
fields could be due to isolated
vortices penetrating the superconducting material. This would
explain why niobium has had
the monopoly so far: it is the
superconductor with the highest
first critical field (penetration
field for the first vortices). In
2006, theoretician A. Gurevich
proposed “shielding” niobium
with nanometric superconducting layers with a far higher
transition field than the bulk
material. It is hoped that by
using a material with a higher
critical
temperature
than
niobium, it will be possible to
increase the field in the cavities,
with out vortex penetration in
the material, and also to reduce

Longitudinal first penetration field of the reference sample
shown in green, compared with that of the same sample
covered with a 15 nm MgO layer and 25 nm NbN layer, shown
in blue. First vortex penetration is significantly delayed by the
NbN layer.

Radiofrequency tests on a single-cell
cavity, following “fast” baking under an
argon atmosphere at 145°C for two hours.

heat dissipation. A series of model samples was
deposited and characterized, in collaboration with the
CEA/DSM/INAC Grenoble. A sample consisting of
15 nm of magnesium oxide, then 25 nm of niobium
nitride, deposited on a 250 nm layer of niobium,
exhibited a first critical field that was significantly higher
than a sample with niobium alone.
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Particle accelerator instrumentation
ccelerator instrumentation refers to all the sensors installed in an accelerator to provide
information on its operating status and to tune it. Two of the main applications are beam
diagnostics — position and profile monitors in particular — and low-level radiofrequency sensors
to tune the field of accelerating cavities powered by RF power supplies. IRFU's SIS and SEDI
departments are particularly involved in R&D on this area.

A

SACM was involved in developing a prototype for the
Soleil accelerator, and is now working with the SIS on
making the LLRF systems for the Spiral 2 project (the SIS
is in charge of these systems).

Beam position monitors

VME test rack for the Spiral 2 LLRF system,
designed and built by the SIS.

Low-level radiofrequency (LLRF) systems
LLRF systems are used to control the RF field in accelerating cavities. These systems control the amplitude and
phase of the RF field (fast tuning) and the cavity
frequency (slow tuning), compensating for the effect of
different types of disturbance such as vibrations,
thermal stress, and the charge of the particle beam. The
SIS develops the electronics for these systems, which is
based mainly on the use of FPGA or DSP boards for fast
digital processing of the RF signals coming from the
cavity.
SACM develops general simulation tools for describing
RF cavity operation with or without a beam, modeling
various types of disturbance, considering the transfer
functions of the associated high-power or low-level RF
electronics, and representing accelerator field control
modes.
Beam position monitor installed on
the PXFel2 prototype module and
connected to a cold quadrupole.
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Beam based alignment and time of flight control are
essential operations for particle accelerators. SACM is
currently developing two types of beam position
monitors (BPMs) based on radiofrequency cavities. The
operating principle is as follows: passing through the
cavity, the beam excites some electromagnetic fields
(resonant modes), which are coupled by four
feedthroughs to the outside. Signals detected by the
signal processing electronics extract the beam position
(displacement), the beam intensity and the time of
flight of the beam.
SACM is also involved in the European XFEL project,
where it is responsible for designing, building, and
installing the cavity, antennas, and the analog
electronics for 31 position monitors, known as
reentrant BPMs, which will be built into the accelerating
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Optical diagnostics
The power per unit surface area of the ion beams in
high-intensity accelerators imposes the use of noninterceptive diagnostics. The transverse profile, intensity,
and position of the beam are determined by spectral
analysis of the light emitted when the beam interacts
with the residual gas. The use of CID (charge injection
device) cameras, hardened to withstand radiation,
allows optical analysis to be performed under high
neutron and gamma flux. Collaborative work has been
set up with the SEDI in this area.
As demonstrated by the SILHI source, the H+, H2+ et H3+,
species and their profile, can be measured by analyzing
the Doppler shift of Balmer series lines. In order to
protect the radiation-sensitive monochromator, the
images are conveyed to it via a radiation-resistant,
multifiber endoscope. These developments are a step
forward for the characterization of intense beams in
environments with high radiation flux.

BPM installed on the Califes accelerator,
followed by its corrector.

cryomodules. Those monitors are 170 mm long, with an
aperture 78 mm in diameter. They will be mounted on
the quadrupoles in the clean room at the DESY site,
then sent to Saclay for installation on the cavity line. The
monitors must meet the specific cleanliness and vacuum
standards imposed in superconducting environments. A
reentrant BPM of the same design has already been
installed on the FLASH linac in Hamburg, where it
achieved 4 µm spatial resolution, and 40 ns time
resolution.
Another type of reentrant BPM has been developed for
the Califes probe beam. Six monitors with an 18 mm
diameter aperture are installed on the transport line and
can work in the different operating modes of the
machine, i.e. in single-bunch or multi-bunch mode. The
electronics required includes an analog electronic
system, with a multiplexer to control the six monitors
which delivers information to control system.
Another monitor, known as a “button BPM”, based on
a different design is currently under study for the FAIR
project linac.

Transverse profile of the complete beam and H+ species on
SILHI, determined using the Doppler shift method with a
two-meter-long Fujikura endoscope and a monochromator.
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Particle beam dynamics
eam dynamics involves studying the motion of a great number of charged particles in static or
non-static electromagnetic fields. These fields may be external or induced by particle distribution. At high energy, the effect of synchrotron radiation must be considered. Once the
transport optics has been defined to meet accelerator or transfer line specifications, many
problems must be overcome to guarantee accurate modeling of beam dynamics. Examples on the
fundamental level include the following phenomena: interaction with the residual gas, interaction
with solid interfaces, the dynamics of ion source plasmas, beam optics in the presence of highorder electromagnetic elements (hexapoles, octupoles), and controlling halo formation and beam
losses for the maintenance of future high-power accelerators. Overcoming these problems
involves perfecting analytical models and developing numerical methods that exploit available
computer resources to the full.

B

Beam simulation in electron cyclotron
resonance sources
For many years now, the CEA and CNRS have worked
together in the field of high-current accelerators.
Examples of collaboration in this area include the
construction of a low-energy demonstrator, the IPHI
high-intensity proton injector, as well as work on a
number of projects, such as Spiral 2 at the GANIL
facility, which uses a deuteron beam, FAIR at GSI, ESS,
and hybrid reactors using protons and, last but not
least, the IFMIF-EVEDA project, which calls for a
deuteron beam of unprecedented intensity.
SACM possesses the expertise required to design and
build the reliable, high-performance ion sources needed
for these projects. Particle extraction from the source is
modeled by calculating the plasma expansion meniscus
and beam generation through a multi-electrode extraction system.

Particle transport in a low-energy line
The low-energy line of an accelerator is used to
transport the beam from the point of extraction from
the ion source to its point of optimized injection into
the accelerator sections. With high-intensity accelerators like the IFMIF or IPHI, the main problem to be
overcome is how to transport the beam while limiting
loss and emittance degradation.
The dynamics of these intense beams is dominated by
the nonlinear effects of the space charge field. In a lowenergy line, the beam induces the ionization of the
residual gas in the vacuum vessel, leading to partial
compensation of the space charge. The SolMaxP
computer code, developed at SACM, is designed to
simulate beam transport under space charge compensation conditions.
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Transverse distribution at the final
detection plane of the S3 spectrometer
used for the Spiral 2 project. The
separation of three isotopes of a superheavy element (Z = 116 and A = 291,
292, 293) can be seen, with five charge
states. Each group of marks represents
the three isotopes for a given charge
state. The calculation is based on S3
geometry with 3D field maps for all
elements, including the Mosar magnet.

The SolMaxP and TraceWin codes were used together
to design and optimize the low-energy line of the IFMIF
deuteron accelerator, and to conduct preliminary
studies on the low-energy line of the FAIR proton linac.
In both cases, the beam is focused by two solenoids,
and the beamline dimensions have been optimized
(about 2 m) to limit emittance growth. The SolMaxP
code was validated based on experimental data
obtained by measuring the characteristics of the SILHI
source beam (profile, emittance, neutralization rate).
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Map of space charge potential in the low-energy
line of the FAIR proton linac. The abscissa z = 0
represents the extraction from the ECR source.
The area with no space charge compensation
(potential ~ 500V) on the abscissas above 2.2 m
is where the beam is injected into the RFQ.

Particle transport in medium- and high-energy
parts
Beyond the radiofrequency quadrupole, it is essential to
control beam losses in order to avoid any power dissipation in the cryogenic sections, and activation of structures. Beam power in high-intensity machines can reach
several megawatts, and the main difficulty is developing
extremely precise calculation methods to estimate the
probability of very low losses, which can often be well
below one watt. SACM has focused on developing
simulation codes that are capable of defining the most
high-performance accelerators, and on carrying out
simulations based on the most realistic description
possible of the accelerator, taking into account tuning
and construction errors. Reliability studies must also
estimate the impact of failure of one or more accelerator components and, of course, consider the
corrective action to be taken in such an event.

Vertical component of the central beam
trajectory in the ILC interaction region, after
correcting the effects of the solenoid and the
anti-DiD (dipole in detector), in the case of the
SiD (silicon detector) and ILD (International
Large Detector). The interaction point is located
at z = 0.

SACM is involved in many projects that call on every
aspect of its expertise and skills, the main examples
being IFMIF, Beta-beams, Eurotrans, Eurisol, Linac 4,
SPL, ESS, Spiral 2, ILC and S3.

Applications for beam transport software
Since 1995, SACM has developed a series of computer
codes for use in beam transport design and simulation.
These have been distributed to many French and
foreign laboratories since 2000, and are now used in
most research on high-intensity accelerators. In
addition, experimental comparisons at the SNS in the
United States, J-Parc in Japan, and GSI in Germany, have
been carried out to verify their predictability. These
professional computer codes are now available under a
CEA license. A website (http://irfu.cea.fr/Sacm/logiciels/
index.php) has also been set up for downloading
purposes and for promotion via Internet search engines.
The purchase of a user license entitles the licensee to
online assistance.

29

CEA_Sacm_2010_UK_6

9/09/10

10:52

Page 30

Developments for future particule accelerators

Beta-beam neutrino factories
earning more about the properties of neutrinos is one of the great challenges in modern-day
physics. Physicists are investigating new neutrino sources, based on particle accelerators, to
produce neutrino beams that are more intense and better defined in terms of energy and flavor.
These sources are known by different names, according to the parent particles concerned. Thus
superbeams involve pion decay, neutrino factories concern muon decay, and beta beams radioactive ion decay.

L

SACM is conducting research into beta-beam neutrino
factories as part of the European FP6 and FP7 R&D
programs. The IN2P3 and CERN are the main partners in
this work. The aim of this activity is to use the beta
radioactivity of He6 or Li8 nuclei as an antineutrino
source, and that of Ne18 or B8 nuclei as the neutrino
source. The great advantage of this type of source is
that it only produces neutrinos of known flavor and
within a known and relatively narrow energy spectrum.

The decay occurring in one of the straight sections
produces a short pulse of neutrinos aimed at the
detector. The resulting nuclei, Li6, Be8, or F18, are lost in
the ring and represent an activation source that must be
controlled. To obtain the neutrino flux necessary for the
experiments, enough nuclei must accumulate in the
decay ring and new nuclei must be injected periodically
to make up for their disintegration. These processes
induce beam losses, which must also be controlled.

Once they are produced and accelerated, the radioactive beta nuclei are stored in a ring 7 km in circumference, which includes two long straight sections lined
up with the underground detector. SACM is responsible
for designing this storage ring. During each revolution,
a well-defined proportion of the nuclei decays, emitting
neutrinos in their direction of propagation.

Spatial representation of
energy phases-position of
injected beam (red) and
stored beam (blue), at
various stages of mixing
(from injection, shown in the
top left-hand corner, to the
end of mixing, shown in the
bottom right-hand corner). A
halo can be clearly seen.
This must be cleaned before
the next injection.
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Toroidal magnet for the Atlas detector
he magnetic system of the Atlas detector in the Large Hadron Collider at CERN is made up of
several superconducting magnets, operating at the temperature of liquid helium, i.e. –269°C.
It comprises a central toroid, two end toroids and a central solenoid. IRFU was responsible for the
design and industrial follow-up of the construction of the central toroid, under an agreement
signed with CERN in 1997.

T

The Atlas experiment

Startup

The set-up for the Atlas experiment includes a largescale muon detector, which uses three concentric layers
of wire chamber detectors to obtain precise measurements of a muon path, bent by an intense magnetic
field. To create this magnetic field, a team of IRFU
research engineers designed a magnet made up of
eight 25 m x 5 m rectangular superconducting coils,
which were energized
by a 20,500 A current.
The resulting field
surrounds the experimental area like a
toroid, which is why
the
Atlas
giant
magnet is described
as “toroidal”.

The central toroid was cooled to 4 K for the first time in
June and July 2006. A 21,000 A test current was then
applied in the night of November 9, 2006. In view of
the success of the first performance test, the central
toroid was connected up to the end toroids developed
by the Rutherford Appleton Laboratory, in collaboration
with NIKHEF and CERN. The two end toroids are drawn
to the central toroid by a force of
240 metric tons.

The toroidal
magnet's eight
superconducting
coils

The three magnets were brought
up to their rated current on August
4, 2008. The operation took three
hours to complete. Prolonged tests
were
performed
throughout
August, together with threeminute fast discharge tests. The
toroids were then tested at the
same time as the 2 T central
solenoid, a magnet developed by
the High Energy Accelerator
Research Organization (KEK) in
Japan.

All these performance tests were
It took thirty kilometers
successful, and Atlas is now the
of superconducting
largest superconducting magnet
cables to make these
system in the world. When
coils,
which
are
energized, it can store more than
cooled by liquid
1.6 GJ of magnetic energy, enough
helium. The eight coils
to lift the Eiffel Tower 15 m off the
were tested one at a
ground.
time, above ground,
These results are the fruit of more
applying a 22,000 A
than 15 years of international
current. In 2005, they
collaborative research. The Atlas
were assembled in the
detector is now operational and,
Atlas cavern, 100 m
since the LHC came into effective
below ground level,
service at the end of 2009, can be
using an aluminum
View of the central toroid and one of the two end toroids
used to measure particles emitted
structure. Arranged in
being installed.
during proton collisions in an
a star configuration
attempt to discover the Higgs
and positioned with a
boson. All through this period, SACM has played a
precision of a few millimeters, the coils occupy a volume
leading role in coil design, development, industrial
equal to that of a six-storey building. The structure
construction, assembly, and testing, as well as in assemsupporting the 1400 t muon detector can withstand
bling and testing the toroid underground.
considerable magnetic forces.
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The superconducting solenoid for the CMS detector
he superconducting Compact Muon Solenoid (CMS) installed on the Large Hadron Collider
(LHC) at CERN is remarkable not only for its size and its stored magnetic energy. It is also
notable for its reinforced aluminum alloy conductor and the design of the solenoid coil in five
separate modules, each consisting of four layers wound within a supporting cylinder. IRFU
contributed to the general design and construction of the solenoid as part of a long standing
collaboration agreement with CERN dating back to 1996.

T

The magnet was then released for physics:
Cosmic Ray at Four Tesla (CRAFT) over a
four week period from mid-October
2008, with an actual operational field of
3.8 T during these tests.
Second CRAFT tests during August 2009,
with several interruptions due to failures
in auxiliary systems (water, electrical
power, etc.).
Magnet declared ready for physics on
October 27, 2009.
Detector and magnetic field ready for
physics on November 6, 2009.
First collisions recorded on November 23,
2009.

Arrival of the magnet in the tunnel on February 28,
2007 (Photo credit: CERN).

Following successful testing of the detector magnet at
its nominal field rating of 4 T in the CERN surface facility
in November 2006, the detector was disassembled into
fifteen sections so that it could be lowered into the
underground cavern. The magnet, together with its
central soft iron shielding ring, was lowered into the
tunnel on February 29, 2007. It took eleven hours for
the 2000 t system to be lowered 90 meters to the
tunnel level. The parts of the detector were reassembled
until January 2008, and the magnet was cooled down
during February 2008.

Following commissioning on the surface,
the magnet and its associated sub-assemblies (electrical circuit, cryogenics, and
instrumentation) have proved to be very
safe and reliable in use, both during underground testing and during operation of the detector as
part of the physics program. This success is the result of
more than 15 years effort within the framework of a
worldwide collaboration. Throughout this period,
SACM has played a major role in the general design of
the magnet, the management of its construction, and
the testing of some of the sub-assemblies, including the
heat shields, local cryogenics, electrical supply systems,
and tie rods. SACM also contributed to the supervision
of the assembly process, and in the acceptance tests on
the surface and underground.

The magnet was ramped up to its nominal field level in
November 2008 with no serious problems occurring.
This date marked the end of underground acceptance
testing and, with it, the end of CEA involvement with
the system. The results obtained during underground
testing were essentially identical to those obtained on
the surface.
Participating in the cryomagnetic
tests.
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Tests on the Wendelstein 7-X stellarator coils
he Plasma Physics Institute in Garching, Germany, is responsible for the manufacture of one
of the research machines for the European thermonuclear magnetic confinement fusion
program, the Wendelstein 7-X stellarator. This machine, also known as the W7-X, has a diameter
of around 15 meters and a mass of 550 metric tons. It consists of 70 superconducting magnets
designed to confine plasma. The SACM is responsible for the acceptance tests on the 70 magnets
manufactured in Germany, Italy and England before they are finally installed on the stellarator in
Greifswald in Germany.

T

Magnet testing
The tests will be used to study the
electrical, thermal and hydraulic
behavior of the magnets at both
ambient and cryogenic temperatures.
They are also designed to confirm the
correct operation of the coils prior to
assembly. A test station with two
cryostats was designed, built and
qualified at Saclay in the first years of
this century. The first tests were carried
out in 2003 and completed with the
successful testing of the 70th magnet in
2009.

Results of the magnet tests
A total of 96 cryogenic tests were
needed in order to check the 70
magnets. These tests revealed a
number of technical problems relating
to the magnets. These included:
Helium leaks from the magnet
hydraulic circuits.
Problems in the insulation between
the conductor layers (tested at
3.2 kV, 2 kHz and 20 K).

General view of the W7-X test station.
Two coils being installed
in their cryostat.

Insulation problems in the protection
cables, and between the magnets
themselves and ground (tested at
10 kV and 4.5 K).
Six magnets were returned to the
manufacturers three times for repair,
and six others were returned twice for
repair before passing the tests successfully. The number of magnets tested
successfully increased each year to
reach a total of 26 during 2008. The
results of these tests illustrate the
necessity of testing each magnet
before it is assembled into the
machine. However, it cannot be
assumed that passing these tests
successfully will guarantee the absence
of problems during final configuration.

34

Test station for thermonuclear fusion
Initial design work for the JT60SA project was begun
during 2009. This project
forms part of a joint
agreement between Europe
and Japan on the broader
approach to magnetically
confined
thermonuclear
fusion.
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The R3B – GLAD superconductor dipole
he European collaboration R3B (Reactions with relativistic radioactive beams of exotic nuclei)
brings together 230 physicists from 63 institutes in 21 countries. The group has set up a
program at GSI in Darmstadt, Germany to investigate the emerging physics of exotic nuclei with
relativistic energies. This program requires the construction of high performance experimental
facilities, regarding inverse kinematic reactions, total detection of the reaction products, and
momentum resolution. The GSI Large Acceptance Dipole (GLAD), a superconducting spectrometer,
will be an essential component of the R3B overall detection set-up. The preliminary design for
the project was carried out as part of the 5th European research and development framework
program (FP5). The decision to finance the construction of the R3B-GLAD magnet was taken in
October 2005 under FP6.

T

Left: The magnetic structure consisting of six trapezoidal tilted coils. Center: The cold mass of the magnet consisting of the four coil casings,
arches, linking plates and cryogenic supports. The electrical junction boxes connecting the superconducting cables are seen here against a
blue background. The 460 liter tank supplying the 4.5 K indirect cooling tubes in the thermosiphon circuit. Right: The cryostat next to its
cryogenic satellite providing the external connections. It moves on an air cushion. The total mass of the magnet is 55 metric tons.

Specifications of the spectrometer

Design of the GLAD magnet

The GLAD dipole will have to take account of many
constraints when analyzing the particles from reactions
between radioactive ions and the secondary target.
These include:

The design study carried out between 2001 and 2003
resulted in a compact and innovative magnet design
with an active shielding magnetic configuration. This
design was named the Tigra Trace (Tilted and graded
trapezoidal racetracks) or ‘butterfly’, a name inspired by
the shape of the six coils that make up the dipole. Its
construction was financed from late 2005 under the
European CNI DIRAC contract (Construction of New
Infrastructure – Darmstadt Ion Research and Antiproton
Center) as part of FP6.

A field integral of 4.8 tesla.meters, making it possible
to deflect the high magnetic rigidity heavy ions by 18°
(typically 15 T.m for 132Sn50+), and protons by up to 50°.
A wide angle inlet aperture of ± 80 milliradians in
both the horizontal and vertical axes, which also
provides greater transparency to neutrons that are
not deflected by the magnetic field.
A large momentum acceptance, making it possible to
detect simultaneously protons, neutrons and heavy
relativistic nuclei, at individual nucleon energies of the
order of one GeV.
A negligible fringe field (< 20 mT), especially around
the target zone located 1 m upstream from the
magnet entry face.
A momentum resolution of 10-3 and an angular
resolution of 1 mrad reconstructed at the target.

The pancake coils are placed as closely as possible to the
beam in order to achieve the wide conic acceptance
required. Trapezoidal in shape, the coils provide simultaneously the internal main field ensuring magnetic
deflection, and an active shielding out of the magnet.
The stored magnetic energy (24 MJ) is therefore
minimized, as is the fringe field in the target area in
front of the magnet (< 20 mT at only 30 cm from the
cryostat).
The mechanical design was carried out during 2007,
and was marked by a number of difficulties related to
the wide opening of the magnet and the presence of
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Representative half-scale coil instrumented for measurements
of thermal shrinkage coefficients at cryogenic temperatures.

Stack of double pancake coils in the prototype lateral coil (by
courtesy of ASG Superconductors).

high magnetic forces of up to 300 tons per meter. There
was also considerable differential expansion between
the copper and niobium-titanium coils and their
aluminum alloy casings. The general arrangement of
the magnet was redesigned in order to secure the coils
when subjected to the maximum acceptable shear
stress.
Thermo-mechanical measurements were made on a
half-scale model of the coil. The mechanical moduli and
the thermal shrinkage coefficients were measured at
cryogenic temperatures, confirming the modeling of
the orthotropic behavior of the composite coils (superconducting cable, glass fiber cloth, and epoxy resin). It
was decided to allow a calibrated clearance between
the coils and the casings at ambient temperature in
order to achieve a controlled shrink fit at 4.5 K.
The new designs for the mechanical adjustment and
indirect cooling of the coils using a copper braid thermal
drain were completed and confirmed experimentally in
2008.
The magnetic design was simplified, eliminating the
graduated coils, while continuing to meet the spectrometer performance and resolution specifications. At the
same time, the maximum deflection of the protons was
increased from 40° to 50°, and the overall size of the
magnet alone was increased to almost eight meters.
The maximum field at the conductor was reduced to
6 T, improving the stability of the superconductor and
increasing the temperature margin to above 1.5 K.
The final structure of the cold mass included reinforced
linking components, making the future mounting and
integration sequences easier. The assembly was
approved for manufacture in July 2008 following a
special internal technical review.

Impregnated prototype
coil (by courtesy of
Superconductors).
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Prototype coil in its impregnation mold, placed in the oven ready
for vacuum impregnation (by courtesy of Superconductors).
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The design of the cryostat had also been changed and
was also subjected to a design review. The vacuum
vessel was no longer conical, but in the form of an elliptical cylinder, minimizing both volume and cost. The
cryogenic supports were modified and now consisted of
one fixed and two articulated feet in order to take
account of the weight and shrinkage, and to limit heat
flow. The volume of the liquid helium tank in the
thermosiphon loop used to cool the cold mass to 4.5 K
was increased in order to double the storage capacity.
However, the decision to move the cryogenic satellite to
the outlet from the magnet in order to meet the requirements of the physics required a mechanical redesign.
A call for proposals was prepared and published in the
summer of 2010.

Construction of the magnet
The 18 km of superconducting cable was manufactured
to our specifications in 2007. The contract for the
manufacture of the cold mass, coils and coil casings was
placed with industrial suppliers. The difficulties
associated with handling the stiffness of the R3B-GLAD
conductor have delayed the completion of the coil
winding, insulation and impregnation phases to meet

No-load assembly of the cold mass consisting of four
coil casings, linking plates, and inlet and outlet arches.

the electrical and geometrical specifications for the
coils. The delivery of the first full-scale prototype coil at
the end of 2009 provided confirmation of the manufacturing procedures. The structure and coil enclosures
were machined from solid blocks of aluminum alloy
5083 and a test assembly of the 22 t cold mass was
completed perfectly to within one millimeter in early
2010.

Manufacture of the final
GLAD magnet coils at
ASG Superconductors.
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Superconducting magnet for the LNCMI
t the request of the National High Magnetic Fields Laboratory (LNCMI) in Grenoble, SACM has
been studying the feasibility of a superconducting magnet with a field of 8.5 teslas to be
used with existing conventional high field magnets (35 teslas) to provide a hybrid assembly
capable of generating a field of 43 teslas within a diameter of 34 mm.

A

This superconducting magnet will have
an internal diameter of 1 m and a
height of 1.4 m. It would be
subjected to intense mechanical
and electrical stress should the
field from the central conventional
magnets collapse suddenly. In
order to provide for the best
possible safety of the superconducting magnet in the event of
such an incident, the design
adopts a strategy of cooling the
conductor by means of an internal
channel
carrying
superfluid
helium. This will provide an energy
reserve greater than the energy
dissipated by the conventional
magnets.
SACM carried out initial magnetic, electrical, mechanical and thermal design work on the magnet between
2007 and 2010. We have also established the basic
specification and carried out mechanical measurements
on samples of the conductor. Building on this initial

work, the CNRS and the CEA have set up
a
collaboration
within
which
IRFU/SACM will provide engineering
designs for the superconducting
magnet and is safety systems. The
cryogenics systems will be shared
between the CEA and the CNRS, the
former providing the local interfaces
and magnet services, and the latter
designing the 1.8 K liquefaction
system and pump together with the
control and instrumentation.

Partial cross-section of the hybrid magnet
for the LNCMI. The transparent components are the existing conventional
magnets and their connections to the
cooling system. The superconducting
magnet will be fitted with double pancake
coils and enclosed within a cryostat
measuring 2 m high and 2.3 m in diameter.

Superconducting dipole for an isocentric gantry
s part of the Etoile and Asclepios projects, IRFU (SACM, SIS), CNRS/IN2P3 (IPN-Lyon) and
GANIL have carried out a feasibility study for an isocentric gantry line to guide beams of
400 MeV carbon ions using superconducting dipole magnets. The study also included costings
and timescales.

A

Within this partnership, the CEA was involved in the magnetic
and cryogenic design of the final 90° deflection dipole, the most
innovative component in the entire assembly. The purpose of the
study is to reduce the dimensions and weight of this magnet, and
hence the cost of the building to house it, compared with the
gantry constructed for the HIT Center in Heidelberg, Germany,
using conventional dipole magnets. This initial study revealed no
insurmountable technological problems.
Contacts have been made with an industrial company in order to
discuss a possible collaboration leading to the construction of a
full-scale prototype of the isocentric gantry.
General view of the 90 degree deflection
dipole (with thanks to SIS).
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The Iseult project for the Neurospin platform
he whole body 11.7 T Iseult magnet due to be installed at Neurospin in 2013 is the core
component of a magnetic resonance imaging (MRI) scanner that is expected to set new
standards for cerebral imaging. The success of this joint French-German project depends on the
development of prototypes to confirm the key design points of this ambitious project that
extends current technological boundaries.

T

The Iseult project
Magnetic resonance imaging (MRI) is a diagnostic and
research tool used in the neurosciences. In 2013, the
Neurospin centre will take delivery of an 11.7 tesla MRI
scanner with a 90 cm diameter opening capable of
scanning the patient’s entire body while providing a
homogeneous magnetic field across the entire area of
interest.
The design of the magnet, together
with the transmitting and receiving
RF antenna, forms part of the
Iseult research program being
carried out in collaboration
with the main industrial
companies active in the sector,
Guerbet, Siemens and Alstom.
Large design teams in SACM,
SIS and IRFU/SEDI are contributing to the project.

using several thousand liters of superfluid helium
insulated from the external temperature by a series of
enclosures similar to a giant thermos flask. The
magnetic field is confined to the examination room by
another coil that generates an opposing field to cancel
out the field from the main coil beyond the confines of
the magnet. A development program including a
number of prototypes and special test stations will be
required in order to understand and overcome
these problems.
The RF antenna needs
to be capable of generating a uniform
excitation over the
widest possible area
while minimizing
the power dissipated in the tissues
of the body.

The challenges of the
Iseult project
The design of the Iseult magnet
includes a number of characteristics that set it apart from
conventional MRI magnets. The
main magnet coil, weighing 45 tons, must be
positioned as accurately as possible to within a few
tenths of a millimeter around the brain. The coil consists
of several thousand kilometers of niobium-titanium
superconducting wire wound in double pancake coils
carrying a current of 1400 A with a stability of
0.05 ppm/h. This superconducting coil is maintained at
a very low temperature of 1.8 K above absolute zero

Cross-section of the Iseult
magnet. In orange: the
superconducting coils. In
blue: the helium enclosure
and mechanical structure.
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The SEHT test station
An old 8 T magnet used in the High Magnetic Fields
Laboratory (LCMI) in Grenoble has been built into a new
cryostat in order to be used for testing purposes. This
prototype is known as the Eight Tesla Test Station (SEHT)
has been designed using the same winding technique
and cooling system as Iseult. The use of this test station
has provided an opportunity to evaluate and confirm
developments in 1.8 K cryogenics, electrical supply
systems, control and instrumentation, and the transition
protection of the magnet.
H0 prototype:
assembly of
24 double
pancake coils
producing a
homogeneous
1.5 T field.

Map of the field
homogeneity measured
over at 648 points on a
30 cm sphere (300 ppm
peak-to-peak).

The 8 T winding channels have been fitted with
temperature and pressure sensors in order to study the
quench thermalhydraulics under conditions similar to
those in Iseult.

The H0 experiment
An assembly of 24 double pancake coils has been used
to demonstrate experimentally the possibility of
creating a homogeneous field of MRI quality using
double pancakes and to test the assembly procedures
planned for Iseult. The field of this 1.5 T magnet has
been measured at 648 separate points using an NMR
probe. The measured homogeneity of 300 ppm peakto-peak is in line with theoretical predictions.
Current
limiter.

Stabilizing the current in the magnet
The field stability specification of 0.05 ppm/h cannot be
achieved simply by providing a stabilized current supply.
A new concept has been developed by IRFU in order to
stabilize the Iseult magnetic field. This based on the use
of a current limiter and filter resistor connected in
parallel with the magnet and the electrical supply.

Measuring the field stabilization on H0 using a
combined current limiter and filter resistor.
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This concept has been successfully tested on the SEHT
station, and subsequently on the H0 magnet, providing
qualitative and quantitative proof of principle on
magnets with different fields and inductances.
The Iseult magnet is currently under construction, with
the conductor being manufactured by Luvata
(Waterbury, USA) and the double pancake coils being
wound by Alstom in Belfort. The magnet is due for
delivery to Saclay at the end of 2012 with the aim of
entering service at Neurospin in early 2013.

Antenna array for neuroimaging
A magnetic resonance image is obtained by processing
the relaxation signal from a previously excited atomic
nucleus, usually proton in water. An antenna, also
referred to as a probe or coil, is used to excite the nuclei
with electromagnetic wave and to receive the relaxation
signal. The operating frequency increases in proportion
to the static magnetic field, from 128 MHz at 3 T to
500 MHz at 11.7 T.
At frequencies up to 128 MHz, a single antenna can be
used to provide a sufficiently uniform excitation. At
higher frequencies, the interaction between the transmitted wave and the material of the head results in a
strongly non-uniform excitation. An antenna array is
needed with multiple transmitting and receiving
elements. It has to be designed to fulfill specific
constraints relating to the mutual coupling between the
elements, the efficiency, the excitation mapping, the
control strategy, the power absorbed by the patient,
etc. An antenna array provides the extra degrees of
freedom necessary to obtain a uniform excitation by
means of shimming algorithms based on the
knowledge of each transmitting element excitation
map.

These algorithms are developed using finite element
simulations. The design concepts have been confirmed
in close collaboration with the Neurospin Center using
a Siemens MRI scanner operating at 7 T and 298 MHz.
The tests were initially carried out using simple
phantoms to simulate the patient before moving on to
in vivo tests.
Some engineering aspects, including the absorbed
power and the potential athermal effects of the electromagnetic waves on human tissue, and the characterization of the dielectric materials used in the
construction of the antennas and phantoms, have been
studied in collaboration with Supélec, the Fresnel
Institute, and the Electronics and Telecommunications
Institute (IETR) in Rennes.

Noise reduction and interpolation of experimental
excitation maps using a geostatistical approach on a
simple phantom in a 7 T antenna array (left: unprocessed maps, right: processed maps, top: noise
reduction, bottom: interpolation).

A prototype antenna array with eight channels for a 7 T
scanner has been built and successfully tested, and a
15-channel coil is currently being designed. An
innovative method of driving a 15-channel transmitting
antenna with just eight electronic drivers has been
developed with the aim of improving both the system
cost and the efficiency of the excitation mapping. This
development work has resulted in two patent applications being filed. These design concepts are currently
being extended from 7 T to 11.7 T for the Iseult project.

Prototype of an 8-channel antenna array for MRI
use at 7 T ready for in vivo testing.
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The SEHT test station
he Eight Tesla Test Station (SEHT) has been installed in Building 128 as part of the Iseult high
field MRI magnet project. The purpose of the test station is to evaluate and confirm developments in 1.8 K cryogenics, the electrical supply circuit, control and instrumentation, and the
protection of the magnet in the event of a transition. The test station now provides SACM with a
wide diameter test area with a field of 8 T at ambient temperature.

T

8 T coil in the
SEHT test
station.

transfer line feeding a cryogenic satellite containing all
the components and instrumentation needed during
initial cooling and maintenance at 1.8 K, together with
the electrical supply to the 8 T coil.
The magnet cryostat has a single connection to the
satellite via a heat pipe which provides an almost
perfect superfluid helium heat drain between the
pumped helium bath cold source in the satellite and the
helium tank enclosing the superconducting winding.
Initial cooling is provided by a dedicated loop carrying
cold helium at high pressure from the CELLO refrigerator to the cold masses. The magnet tank is finally filled
with superfluid helium by condensation followed by
subcooling of the helium in the satellite.
Following verification of the cryogenic performance
(initial cooling period from 4.2 K to 1.8 K = 26 hours;
measured losses = 9.5 W at 1.8 K) in mid 2008, live
tests were carried out to demonstrate the correct
operation of the magnet and its protection system. At
the end of 2008, tests were carried out to trigger a
transition in the superconductor by local heating in the
winding. These tests were used to characterize the

View of the entire SEHT station in
Building 198.

The SEHT station uses a solenoid
winding with an NbTi conductor
assembled from double pancake
coils and cooled in a superfluid
helium bath at 1.8 K and 1.2 bar.
The SEHT solenoid is a reconditioned
superconducting
coil
previously used in the 35 T hybrid
magnet at LCMI in Grenoble.
The station has been installed in
Building 198 close to the CELLO
helium refrigerator already in use
for the SCHEMA station. The liquid
helium and nitrogen supplies to the
two stations, which are capable of
operating simultaneously, are
provided from a cryogenic valve box
adjacent to the refrigerator. Using
the same cryogenic concepts as the
Iseult project, SEHT includes a

43

CEA_Sacm_2010_UK_6

9/09/10

10:59

Page 44

Cryogenics

mechanisms governing the propagation of the normal
zone, and to measure the resulting pressure rises throughout the system.
In 2009, the station was used (in collaboration with
IRAMIS for the NMR
measurements) to carry
out successful tests on
two systems enabling
improvements to be
made to the stability of
the magnetic field under
steady state supply conditions. The first of these
consisted of a superconducting coil placed inside
the main solenoid and
inducing an opposing
current to cancel out any
fluctuations in the main

electrical supply. The second system was installed in the
satellite and consisted of a resistor in parallel with the
main winding together with a current limiter limiting
the current through the superconductor. This combination damps out any variations in the supply current.
The station is now available for
experiments requiring a high
magnetic field and will be used
during 2010 and 2011 for taking
measurements of a reduced
scale prototype of the Iseult
magnet.
Examples of the pressure rises
measured in the magnet during
triggered quenches. The various
pressure rises were triggered under
different operating conditions of
temperature and current.

The MIRIM cryostat
etween 2007 and 2010, the cryostat dedicated to testing and approving the on-board imager
on the James Webb Space Telescope (JWST), the successor to the Hubble telescope, has been
subjected to an number of test campaigns with the aim of commissioning the automatic control
systems and testing the imager itself. The Astrophysics Department, which built the Mid-range
Infra-red Imager (MIRIM), operating over the mid-infra-red range of 5 to 27 μm, and SACM, who
originated the design of the test cryostat, carried out a series of cold tests and low temperature
commissioning tests.

B

This program has been a success for the Saclay built
imager, which was qualified at the end of 2009. Despite
an excess consumption of helium due to a reduction in
the operating temperature since the original specifications were written, the cryostat has successfully
maintained the optical systems within the planned
ranges of ± 0.01 K and ± 0.1 K on the detector
structure. These results have also confirmed the correct
operation of the automatic control system which has
maintained a constant temperature over several days
and faultlessly controlled the cooling and warming
sequences for the entire structure, avoiding any contamination of the detector by cryopumped gas residues
resulting from uncontrolled degassing.

The photograph shows the operational MIRIM cryostat and the installation of the optical calibration at SAP. The rack on the right contains
all the instrumentation and control systems for the cryostat.

The graphs show the temperature stages and their stability during the
tests. The cryostat (shown in light blue) sets the low temperature and
cools the massive structure of the imager (shown in red). The temperature
of the detector (dark blue) is controlled by an independent circuit.
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Cold connection shunt for the AGATA detector

T

he Advanced Gamma Tracking Array (AGATA) is a roaming detector intended for use on all
new European nuclear physics installations, including Spiral 2, FAIR, and Eurisol.

The 180 germanium crystals in the AGATA detector will
be housed in 60 individual cryostats, each of which is
fitted with a reserve tank containing a few liters of
liquid nitrogen. As these crystals are not able to
withstand vibration or temperature variations, it is
necessary to halt the measurement process while the
liquid nitrogen tanks are being refilled. The purpose of
the connection shunt is to enable the individual
cryostats to be connected to, and disconnected from, a

silent cold source at 77 K, allowing the detector to
operate continuously. A helium heat pipe links a remote
liquid nitrogen bath to the crystals.
Tests on the device were carried out between 2007 and
2010 using the helium loop built by the Institute of
Nuclear Physics (IPN) in Orsay. The initial tests confirmed
the satisfactory thermal behavior of the shunt, and the
ability to connect and disconnect at 77 K without
heating the crystal beyond its operating limits. The next
two test campaigns confirmed the possibility of
operating the crystal continuously using a remote cold
source without damaging the crystal. However, the
resolution results, while greatly improved by modifications made to the system, are still not as good as those
initially obtained using an individual crystal in its own
liquid nitrogen bath. Being so close to success, consideration is being given to repeating the final series of
measurements between now and the end of 2010 in
order to finalize this process.
View of the closed and operational AGATA shunt
connected to the pumping stations via the tubes shown in
the foreground and to the cooled heat exchangers on the
right. The helium compressor and liquid nitrogen tank can
be seen in the background.

The PRESPEC liquid hydrogen target
he PRESPEC target is intended for use in a new physics experiment requiring a thick liquid
hydrogen target suited to gamma spectroscopy. It will be installed at the GSI research center
in Darmstadt as part of the SPHN PRESPEC program.

T

SACM is responsible for the construction of this new
liquid hydrogen target which has a length of 6 cm and
a useful diameter of 7 cm. The hydrogen is held in a
mylar tank with a wall thickness of 200 µm in order to
reduce any parasitic interactions between the beam and
the container. The container geometry is shaped like the
finger of a glove in order to provide for analyses over
large solid angles. As mylar is a thermoplastic polymer,
the container geometry is formed by mechanical
thermoforming at a temperature of 150°C. This technique avoids the need for any glued mylar to mylar joints,
resulting in a container burst pressure of over 10 bar.
The enclosure is finally glued to a moveable flange
allowing the length of the target to be adjusted easily.
It is planned to hold the target temperature at 20.4 K
with a stability approaching 0.01 K. The corresponding
pressure is 101.3 kPa. The total volume of liquid
hydrogen is reduced to that of the target in order to
limit the quantity of hydrogen present in the installation. The gas is liquefied in a condenser mounted
above the target and attached to the second stage of a
cryogenerator with a cooling power of 8 W at 20 K. The
target container is filled by gravity alone, and any cold

vapor is collected and returned to the
condenser.
Closing a cold valve on this return tube
causes the liquid remaining in the target to
be returned to the condenser
via the feed tube. After
emptying in this way, the
target contains cold hydrogen
vapor at 20.4 K with a density
equivalent to 1.9 % of that of
the liquid (70 kg/m3). In this
state, it may be used to make
‘empty target’ measurements
of any parasitic interactions
between the beam and the
container before returning
instantaneously
to
‘full
target’ mode simply by
opening the cold valve.
A control and instrumentation system has been
developed by SIS to control the temperature, manage
the various alarm conditions, and to return the installation to a safe state in the event of a fault.
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Two-phase fluid circulation loop
any of the cooling systems used for superconducting magnets in high energy physics applications are based on two-phase helium convection circulation loops. Experimental and theoretical steady state studies have already been carried out at SACM, focusing on the transfers of
mass and heat in this type of vertically oriented flow as part of the design work to dimension the
cooling system for the magnet in the CMS detector installed at CERN. The same operating
principle has been chosen for cooling the magnet of the R3B-GLAB spectrometer being built for
GSI in Germany.

M

In this case, the orientation of the cooling tubes is
horizontal. The Thermosiphon experimental facility has
been adapted for use in this configuration. The horizontal
orientation gives rise to oscillations and instabilities in the
flow at low heat fluxes. These oscillations are caused by a
geysering effect which occurs when the vaporization of
helium in the cooling tube generates a periodic imbalance
in the masses in each of the two branches of the loop.
However, the impact on the cooling remains negligible as
the variations in temperature are less than a few tens of
millikelvin. At low heat fluxes, nucleate boiling dominates
the heat transfer, and measurements have confirmed the
cooling design to be used in the R3B-GLAB magnet. At
higher heat fluxes, the properties return to those of a
normal two-phase horizontal flow.

Changes in the total flow rate as a function
of time, together with typical variations in
the wall temperature of the associated tube
(ø 10 mm) for a heat flux of 5 W/m2.

Other research into vertical natural convection circulation loops used at higher temperatures is also being
carried out which could be applied to the cooling of
high critical temperature superconducting magnets.
Measurements on nitrogen have shown that, at low
heat fluxes, the flow is single phase and a mixed
convection regime is established, combining both
natural and forced convection. Nucleate boiling occurs
at heat fluxes above a critical value. Nitrogen circulation
loops have a high cooling capacity as it is possible to
extract several kW/m2 with increases in wall temperature of just a few K at 77 K.
Diagram of the Thermosiphon loop in a
horizontal configuration. The length of the test
tube is around 4 m in order to represent the
length of the cooling tubes in the R3B-GLAD
magnet. It has therefore been installed in a coil.
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Niobium-tin quadrupole model
ince 1998, SACM has been working on a research and development project with the aim of
constructing an Nb3Sn quadrupole model. The electromagnetic design of the model is based
on the one of the quadrupole magnets used in the LHC, while the manufacturing process has
been modified in order to suit the use of a Nb3Sn conductor. This type of superconductor has to
be formed at high temperature making it extremely fragile and stress-sensitive. For this reason,
the winding is done using a non-reacted conductor insulated by a glass-fiber tape. Once the
winding has been shaped, the coils are subjected to a heat treatment at 660°C and then
vacuum impregnated with epoxy resin in order to complete conductor insulation and allow coil
handling and assembly.

S

Assembling the quadrupole
using the collaring press at
Accel.

The quadrupole cold mass and instrumentation.

Five certified coils were
manufactured and tested
in 2006. The electrical
tests carried out on the
coils revealed shorted
turns in two of the coils,
and a replacement coil
was
manufactured
during 2007. At the
same time, the two coils
with short circuits were
successfully repaired. The
four best coils were
assembled in 2007 at the
Accel plant in Germany,
using the collaring press
used for the LHC main
quadrupole
magnets
production. The magnet
instrumentation and the
cold mass assembly were
carried out at Saclay in
2008, and the first
campaign of cold tests was carried out in April 2009.
Unfortunately, the results of the tests were not as good
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as had been hoped. The
current in the coils was
limited to 5000 A rather than
the nominal design value of
12000 A. The four coils
began to exhibit resistive
behavior above 1000 A.
An additional program of
tests is planned for 2010
with the aim of identifying
the cause of the problem.
For future projects using
Nb3Sn, it is important to
understand whether this was
a systematic fault occurring
during coil manufacturing,
or whether it was due to
damage caused during their
assembly.
The quadrupole cold mass
inside the SCHEMA test
station cryostat.
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The use of high critical temperature superconductors
hysicists and engineers have always been intrigued by high transition temperature
superconducting materials ever since their discovery in 1986 by Bednorz and Muller. Not only
is their ability to transport an intense electrical current in the superconducting state preserved
at temperatures in excess of 60 K (for certain materials) but, most importantly, they keep their
superconducting properties under an induced field of 30 T providing they are kept at the temperature of liquid helium. Using these materials, it becomes possible to make superconducting
magnets capable of either operating between 30 and 40 K, or of generating magnetic fields
of 30 T.

P

Following the modernization of the test stations in
order to carry out tests on these new superconductors,
SACM began a series of tests to characterize the superconductor Bi2212 as part of a program led by EFDA.
This program provided the opportunity to develop a
round strand of Bi2212 containing 666 individual
filaments. The development project was carried out
jointly by an industrial manufacturer and the Institute
for Research on Magnetic Fusion at Cadarache.
Two new projects were launched. One was a project
funded by the ANR to study the energy storage system
in a superconducting magnet with a high specific
energy density. The other was a European funded
project to manufacture a dipole insert to be installed in
an Nb3Sn dipole. Both these projects will study new
YBCO superconducting materials available in the form
of ribbons.
The SUPERSMES development of the Superconducting
Magnetic Energy Storage project (SMES) aims to
produce a conceptual design for a magnetic system
capable of storing 20 kJ/kg. The current record for a
system of this type is around 13.5 kJ/kg. The project also
aims to include the manufacture of qualification prototypes in order to qualify the most critical components of
such a magnetic system, especially the superconductor.
The project is being carried out in collaboration with the
LNCMI and LGEP laboratories at CNRS, Grenoble, and
the industrial manufacturer Nexans.

Small coil made from a superconducting
YBCO Superpower SCSC 4050 ribbon
and used to measure the critical current.

The European EuCARD project aims to construct a
dipole insert generating a field of 6 T to be installed in
a Nb3Sn magnet to bring the total field up to 20 T.
Several prototypes will be built to study the propagation
of the resistive transition in these new superconducting
materials.

Experimental values of the
critical current in a superconducting YBCO Superpower
SCSC 4050 ribbon measured
as a function of the magnetic
field at a range of temperatures.
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Developing ceramic insulation for superconducting cables
he aim of developing ceramic electrical insulation is to study the manufacture of an
insulating material that can withstand the high-temperature heat treatment (600 to 700°C)
required for the formation of certain superconductors, in particular those made of niobium-tin
(Nb3Sn). The conductors are wrapped with fiberglass ribbon coated with precursors which react
during the heat cycle, forming the insulation and providing extra mechanical strength for the
coil. Using this method, two difficult stages in the manufacture of Nb3Sn magnets are eliminated:
the transfer of the very delicate reacted coil from the reaction mold to the impregnation mold,
and the vacuum impregnation of the coil with epoxy resin.

T

Wrapping a conductor with ceramic insulation.

A coil with a racetrack configuration formed from a
443 mm x 214 mm double pancake superconductor coil
is currently being manufactured. This coil will be used to
evaluate the insulation performance under real
operating conditions. These tests will be carried out
using the SMC test station at CERN.

Following electrical tests showing that the use of this
type of insulation did not affect the superconducting
properties of a Nb3Sn strand, and the good performance obtained from two small coils, this work has
continued along the following lines:
Measurements of the heat transfer performance
carried out using stacks of cables which showed a
significant improvement by a factor of around 100 of
the extracted heat flux compared with conventional
Kapton insulation.
Mechanical compression tests on stacked insulated
cables. Small coils were developed for these tests.

Coil in a racetrack configuration manufactured to
evaluate the insulation performance.

Heat transfer through superfluid helium in a porous medium
range of new ceramic electrical insulator materials is being studied as part of the
development of He II cooled Nb3Sn magnets for the LHC upgrade program. Current materials
are impermeable to helium and their thermal resistance is too high to achieve sufficient cooling
and to provide the thermal stability of future magnets.

A

A number of fundamental studies are being carried out
by SACM with the aim of determining the laws
governing the transport of He II. Heat transfers in a
porous medium saturated with He II are being
investigated using the two fluids model describing the
thermo-mechanical behavior of He II. The volume
averaging method applied to the system of equations at
the pore scale has been used to characterize the
medium by means of a macroscopic value similar to a
permeability. The permeability obtained from this model
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has been calculated for a network of unitary cells at
temperatures between 1.4 K and 2.1 K, and has been
found to be equal to the intrinsic permeability of the
porous medium independent of the heat flux and
temperature. The proposed model, especially the
structure of the macro-scale equations with their
permeability and tortuosity terms, may be used as a
base for the development of an extended model that
includes superfluid turbulence.
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Independent measurements of permeability in gaseous
helium at 5 K and in helium II show a reasonable
agreement with the theoretical predictions. However,
the experiments also show that the permeability in He II
increases as the temperature falls. It is difficult to know
whether this increase is due to an artifact in the
measurement technique used, or whether it is

Sample of Al2O3
ceramic glued to a
metal flange prior to
insertion in the
cryostat.

associated with a more fundamental problem as the
superfluid component dominates the flux at
temperatures close to 1.4 K. More precise experiments
and theoretical analyses are now required in the
temperature range of 1.4 K to 1.8 K.

Comparison of the changes in permeability K as a function
of the bath temperature Tb, for samples of Al2O3 with
a 1 µm pore size and 32% porosity, as determined in He II
(3 mm and 4 mm thickness), and in gaseous helium at
5 K (hatched area).

Development of high field magnets for the SLHC
he SAFIRS project (Superconducting magnet Activities for Future Interaction Region of SLHC)
brings together IRFU activities on future superconducting magnets required for upgrading the
LHC to achieve greater luminosity and energy levels. The LHC luminosity upgrade, known as
SLHC, was originally planned to be completed in two stages. SLHC - Phase I, to be completed by
2014, aimed to increase the luminosity by a factor of 2 to 3, and SLHC - Phase II, to be completed
by 2018, aimed to increase the luminosity by a factor of 10. Following the incident that occurred
on the LHC in September 2008, its repair and the changes made to the operating program of the
LHC, increasing the operating periods beyond those originally planned, CERN decided to cancel
Phase I of the SLHC and to move immediately to Phase II. However, the studies on NbTi
quadrupole triplets for Phase I have continued with the aim of providing a tested fall-back
solution.

T

NbTi quadrupole triplets
The luminosity of the LHC could be increased by a
factor of 2 to 3 by replacing the final focusing
quadrupole triplets with longer quadrupole
triplets with a wider aperture of 120 mm
compared with the 70 mm aperture of the
current triplets. The peak field foreseen on
the conductors is of the same order of
magnitude as that in the LHC main
quadrupoles, enabling the use of NbTi.
However, the stored energy and the
electromagnetic forces involved are very
much higher. Design studies for the quadrupoles have been carried out in collaboration
between the CEA and CERN, under FP7 and the
French Special Contribution to CERN. The

magnetic design work was
carried out by CERN, while the
CEA was responsible for the
mechanical design. CEA is
also in charge of the
manufacturing of four
1.8 m coils (+ 1 test coil)
which will be assembled
and tested at CERN to
validate the design.

The four-block configuration
chosen for the NbTi quadrupoles (by courtesy of Glyn Kirby,
CERN).
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with a 100 mm aperture and a central field of 13 T at
4.2 K. This work is being carried out in collaboration
with CERN and the Technical University of Wroclaw,
with funding from FP7 EuCARD and the French Special
Contribution to CERN.In addition to the participation in
the design and manufacturing of Nb3Sn dipole coils,

Distribution of
the azimuthal
stress on a
quadrupole
octant at 1.9 K
and nominal
current.

Mock-up of the winding
tooling for testing on the first
block of the internal layer of
the quadrupole (by courtesy
of SIS).

The project began in
September 2008 with studies
on two different coil configurations, and the final choice of a fourblock configuration was made in October
2009. Since then, the mechanical design has
been completed and detailed studies on the winding
and polymerization tooling have begun. First 1.8-m coil
manufacturing is planned for October 2010.

High field Nb3Sn dipole
The magnetic fields required for Phase II of the SLHC,
and the radiation doses received by the magnets in the
interaction regions, make it impossible to use NbTi for
these magnets and require the use of Nb3Sn.
A number of R&D activities have been launched in order
to study the ability of the components foreseen for the
coils to withstand radiation, model and optimize the
extraction of heat from the coils, and master the use of
Nb3Sn in accelerator magnets. The final objective of
these activities is the manufacturing of a Nb3Sn dipole
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The two coil configurations studied for the Nb3Sn dipole:
Cos configuration and block configuration
(by courtesy of A. Milanese, CERN).

work is also being carried out on heat exchange
measurements on the different materials foreseen for
the dipole, the manufacturing of three Nb3Sn coils in a
racetrack configuration with ceramic insulation, and the
supply of the high performance Nb3Sn strand needed
for the dipole. The design studies for the dipole began
in September 2009, and the final choice of coil
configuration is intended to be made during 2010.
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Test facilities for superconducting magnets and large size
components
W7-X test facility
Trials on current intensity, isolating
voltage, mechanical stress, pressure
drop and temperature for magnets
cooled with supercritical helium flow
between 4.5 K et 7.6 K.

Schema – Horizontal cryogenic station for
magnetic tests

Tests of superconducting magnets at
temperature between 1.8 K and 4.2 K.

Vertical test facility
Tests of large scale components at low
temperature (in liquid helium or under
vacuum).

2 cryostats: 5 m useful diameter; 4.1 m
useful height.
200 W at 4.2 K dedicated refrigerator.
Electrical power supply: 25 kA.
Data acquisition for cryogenic sensors
up to 500 Hz and for voltage measurements up to 20 kHz.

Horizontal cryostat: 0.6 m useful
diameter and 8 m useful length.
25 W at 1.8 K (450 W at 4.2 K) refrigerator.
Electrical power supply: 20 kA (10-4
stability) under 5 V.
160 measuring channels up to 20 kHz.
Vertical dewar fitted in a pit.
0.88 m useful diameter.
Maximum height under vacuum: 7.9 m
with a 7 m thermal shield at 80 K.
Electrical power supply: 20 kA.

Test facilities under magnetic field
Seht – Eight tesla test station
Tests of prototypes or large scale
components under magnetic field (8 T).

Cétacé – Test cryostat at variable temperature
and high magnetic field

Critical current measurements on superconducting samples.

Christiane
Critical current measurements on superconducting
samples at 4.2 K.

Séjos – Test station for superconducting joints
Tests of electrical joints at 4.2 K.
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Useful diameter: 587 mm at room
temperature.

Maximum current intensity in sample:
2,000 A.
Maximum magnetic field: 17 T.
Magnet useful diameter: 64 mm.
Useful diameter of the sample cryostat:
49 mm.
Sample temperature : from 1.8 K to 200 K.

Maximum current intensity in sample: 3,000 A.
Maximum magnetic field: 7 T.
Magnet useful diameter: 90 mm.

Maximum current intensity in sample: 10 kA.
Maximum magnetic field: 4.7 T.
Magnet useful diameter: 90 mm.
Useful diameter of the sample cryostat: 76 mm.
A superconducting transformer will allow testing
conductors at current intensity up to 70 kA.
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Test facilities for superconducting cavities and associated
components
RF power coupler: Present: 700 W,
Currently in manufacture: 800 kW
continuous, up to 1 MW pulsed.
Pumping system and Hélial 4012 refrigerator: 80 W at 1.8 K and 13 mbar.
Useable internal dimensions: 1.5 m
long by 70 cm in diameter.

Cryholab – Laboratory horizontal cryostat
(property of IRFU-IN2P3)

Tests on superconducting cavities under
conditions identical to those in an
accelerator.

One 1300 MHz test bench capable of
pulsed operation at 1.5 MW peak,
using 1 ms pulses at a pulse repetition
rate of 10 Hz (15 kW mean power).
One 704 MHz test bench - 80 kW
continuous.

Power coupler test benches
The RF components can be tested
under both traveling wave and
standing wave conditions.

Vertical cryostats (CV)
Measurements of the accelerator field and over-voltage
coefficient of superconducting radio frequency cavities.

CV1

2 motor pumps: 1 g/s at 13 mbar.
1 RF source, 200 W CW, 700 MHz to 1500 MHz.
1 RF source, 80 W CW, 4200 MHz to 8600 MHz.

CV2

Useable diameter: 0.7 m. Height: 2,92 m.
He depth: 1.9 m at 4.2 K and 1.2 m at 1.7 K.
Consumption : 1500 l of He per test.

CV3

Useable diameter: 0.45 m. Height: 1.7 m.
He depth: 1 m at 4.2 K and 0.6 m at 1.7 K.
Consumption : 450 l of He per test.

Useable diameter: 0.35 m. Height: 1.5 m.
He depth: 1 m at 4.2 K and 0.6 m at 1.7 K.
Consumption : 400 l of He per test.

Cold characterization facilities
Measurements in pressurized
superfluid helium at 1 atm

Double bath NED cryostat. Volume at
1.8 K: Diameter 250 mm x Height
300 mm.
Double bath Th0 cryostat. Volume at
1.8 K: Diameter 200 mm x Height
500 mm.

Residual Resistivity Ratio (RRR)
measurements

RRR measurements on 100 mm x 3.5
mm samples.
Cryostat: Useable diameter 0.15 m,
Height 0.9 m.
Consumption: 20 l of He per test.

MECTIC – Measurement of the thermal
conductivity of insulators and
conductors

Cold head (cryogenerator) used for
measurements on samples of around 30
centimeters in size over a temperature
range of 4.2 K to 300 K.

Measurement of Kapitza resistance
and thermal conductivity

Thin sample (0.5 mm), up to 80 mm in diameter.
Temperature range: 1.7 K to 2.1 K.

Thermosiphon loop

Mass flow rate: Liquid helium 0 to 22 g/s, liquid nitrogen
0 to 40 g/s.
Mass flow rate: Gaseous helium 8 g/s, gaseous nitrogen
40 g/s.
Maximum power dissipated in the loop: 500 W.

Characterization of single phase and two phase flows by
measurement of the mass flow rate, volume ratio,
pressure drop and wall temperature of a 1.2 m vertical
test section and 0.4 m horizontal test section.
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Laboratories and workshops
Mechanical testing laboratory
Measurements at 300 K and at
cryogenic temperatures 77 K
(liquid nitrogen) and 4.2 K (liquid
helium): Determination of Young’s
modulus and breakdown
characteristics (stress, strain, etc.)
on metal or composite materials.
Tests, including slippage and
deformation, on mechanical
assemblies.

Hydraulic press with a capacity of 2000 kN in
compression.
Instron electromechanical press with a capacity
of 300 kN in both traction and compression.
Instron electromechanical press with a capacity
of 150 kN in both traction and compression,
fitted with two cryostats for tests at cryogenic
temperatures:
- Cryostat with a capacity of 60 kN for traction
and bending tests.
- Cryostat with a capacity of 150 kN for
compression tests

Chemistry laboratory and clean-room (Orme des Merisiers)
Chemistry laboratory

35 m2 ISO class 5 clean-room

Surface treatments for superconducting accelerator
cavities.

Assembly of cavities following high pressure rinsing.

1 fume hood for the treatment of cavities.
1 ultrasonic degreasing station (60 l).
Ultra-pure water production plant with a capacity of 3 m3.

ISO class 5 laminar flow.
Ultra-pure and ultra-filtered water loop.
High pressure rinsing with ultra-filtered pure water.

only the internal surface with
filtered acids, thereby reducing the
risk of contamination.
Adjacent storage area for acids
and solvents.
Effluent treatment plant for water,
acids and vapors.
2 ultrasonic degreasing stations
(10 l and 120 l).

Chemistry laboratory
and clean-room (Saclay)
Chemistry laboratory
8 fume hoods for the treatment of
samples and cavities, including one
closed chemistry cabinet for treating

Ultra-pure and ultra-filtered water
loop.
High pressure rinsing with ultrafiltered pure water.

Additional facilities

170 m2 clean-room with three ISO
class sections 7.5 and 4
Assembly of cavities following high
pressure rinsing.

Pure and ultra-pure water
treatment plant (4 m3/h).
Refrigeration unit with a power of
179 kW.
370 m2 assembly hall with lifting
equipment capable of handling
loads of up to 20 metric tons.

ISO class 4 clean room: 112 m2.
Washing air-lock for the external
cleaning of cavities prior to their
entry into the clean-room.

Surface characterization laboratory
Sample preparation equipment:
Laboratory saw, sample encapsulation, mechanical and
chemical-mechanical polishing.

Inspection equipment:
Optical microscope with camera, glossmeter and
precision balances.

Impregnation laboratory
Technical support for departmental projects in the insulation and impregnation of superconducting magnets. Impregnation of prototypes and
characterization samples, preparation of resins, preparation of conductors
prior to characterization by dissolving out aluminum and copper.
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Technical platforms

Laboratories and workshops
Vacuum and materials laboratory
The Vacuum and Materials Laboratory is responsible for
the vacuum design of accelerators, research into the

Winding workshop
The workshop is equipped with two winding machines.
One is used to wind solenoid magnets with external

desorption of materials, the development of ultra-vacuum
techniques and the mechanics of vacuum systems.
Ultra-vacuum oven: 1200°C at 10-6 Pa.

diameters of up to 2 m. The other is dedicated to coils
with smaller dimensions and for wrapping short lengths
of conductor for characterization tests.

Mechanical workshop
The mechanical workshop provides assistance to SACM
in the construction of prototypes, and is able to offer a
rapid response to urgent requirements from experiments
in the event of unplanned modifications or rework. The
workshop is equipped with five lathes, five milling
cutters, one flat grinder and a range of other metalworking machines including drills and saws. In 2009, the
workshop installed a machining section for composite
materials, including a lathe, milling cutter, drill and
bandsaw.

Helium refrigerators and liquefiers
Hélial 4012 liquefier - refrigerator
used with CRYHOLAB
Liquefaction: Around 140 l/h at 4.2 K.
Refrigeration power: Around 80 W at 1.8 K with a motor
pump providing 2 to 4 g/s for 13 to 26 mbar.

CELLO liquefier - refrigerator
used with the SCHEMA test station
Liquefaction: Around 120 l/h.
Refrigeration power: Around 400 W at 4.2 K.

Hélial 4003 liquefier - refrigerator
used with the W-7X test station
Liquefaction: Around 70 l/h.
Refrigeration power: Around 200 W at 4.2 K.

Hélial 4008 liquefier
in the liquefaction station
Liquefaction: Around 70 l/h.
Liquid helium delivered during 2009: 175,000 l.

Water cooling station
STARE – Water cooling station
This cooling station consists of two loops, one primary
and one secondary.
Primary loop: This loop is used to cool the test
platforms installed in Facility 218 (LPHI, SUPRATECH,
IFMIF, SPIRAL 2, and SOPHI). The circulating water is
demineralized (10 M .cm) with a total flow rate of
up to 600 m3/h.

This loop is also capable of supplying chilled water at
between 9 and 11°C at a rate of 147 m3/h using a
1200 kW refrigeration compressor.
Secondary loop: This loop cools the water in the
primary loop via a 10 MW plate heat exchanger. It is
connected to a semi-open forced draft cooling tower
capable of extracting 8 MW with a flow rate of
600 m3/h and a maximum evaporation of 11 m3/h.
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Safety and environmental protection
he IRFU Accelerator, Cryogeny and Magnetism Department (SACM) complies with CEA environmental and risk management procedures in all its activities. SACM is responsible for two
safety areas on the Saclay site, Facilities 82 and 218. These cover around 32,000 m2 with eighteen
buildings and around 162 employees. There are seven Classified Installations for Environmental
Protection (ICPE) certified to ISO 14001 in 2009. The Department's Safety and Environment Team
consists of a facility manager and two deputies, two facility safety engineers (ISI), two works
correspondents, and four safety officers (AS). Each ISI also acts as an environment contact (IE),
waste correspondent, radioactive sources manager and deputy works correspondent. Given the
number of activities being carried out in these buildings, together with their extent and
dispersion across the site, there are also 24 operating managers and deputies who are able to
stand in for the safety team in respect of some of their activities.

T

Facility 82

Facility 218

This facility includes the SACM LCSE and LEAS laboratories.

This facility was established in October 2005. It includes
the SACM LEDA and LESAR laboratories.

12 buildings

6 buildings

10,000 m

22,000 m2

80 CEA employees (SACM, SIS, and SIIEV)
3 ICPEs

82 CEA employees (SACM, SENAC, and SIS)

4 local first aid teams (ELPS)

3 local first aid teams

2

The activities carried out within this facility include the
superconducting components cryogenic test stations,
the insulation, impregnation and magnetic measurements laboratories, and the mechanical workshop.
There is also a helium liquefaction and refrigeration
station. This delivers between 175,000 and 200,000
liters of helium per year to SACM, the CEA, and
external clients.
Between 2007 and 2009, the new Eight Tesla Test
Station (SEHT) was installed in Hall 198, and the SACM
mechanical workshop was reorganized.

4 ICPEs

Until the end of 2005, this installation formed the major
part of the Basic Nuclear Installation (INB) 48 SATURN.
It is now declassified.
Rearranging the halls ready for the major projects
carried out within the facility (SUPRATECH, XFEL, SPIRAL
2, IPHI, IFMIF, SOPHI, COCASE, etc.) required some
major collaborative building work. The SUPRATECH
chemistry clean-room was installed between 2007 and
2009.

ISO 4 - grade room.

The SEHT test
station.
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Summary of action indicators and safety results for the period 2007-2009
Plenary local safety commissions (CLS)
Restricted local safety commissions
Safety tours
Safety exercises
Saclay C2N audits
ISO 14001 audits
DRIRE visits
Safety plans
Fire permits
Safety training days
CEA accidents involving time off work
CEA accidents with and without time off work
Significant incidents (1)

Facility 82
3
2
21
11
1
2
0
43
35
340
3
12
4

Facility 218
7
2
10
9
4
2
2
61
391
223
0
9
5

SACM total
10
4
31
20
5
4
2
104
426
563
3
21
9*
* 1 contamination, 4 floods, and 4 fires

In addition to safety actions initiated by the CEA (safety
on flat roofs, evaluation of work-related risks, especially
chemical, electrical and explosive atmospheres,
management of radioactive sources, etc.), SACM has
also carried out a number of safety actions specifically
related to its activities, including the recertification of 25
crane operators and loaders, CE certification of pressure
vessels, modifications to ensure the compliance of
hydraulic presses and machine tools, and the
integration of safety considerations at the initial design
stages of the chemistry clean-room.

SACM is one of the Departments with the largest
number of new projects at the design stage (prior to
work beginning or entering operation) submitted to the
Saclay Local Safety Commission in order to obtain
authorization from the Director of the Center.
The safety record of SACM has improved continuously
since the Department was set up in 2001. In particular,
accidents involving personnel have been reduced in
both frequency and severity. In each of the past three
years, SACM has exceeded to the target set by the CEA
as part of the CEA Triennial Safety Improvement Plan
(- 40%) of reducing the frequency rate by 5%.

Evolution of the
number of accidents
involving SACM
personnel.

CEA_Sacm_2010_UK_6

9/09/10

11:00

Page 60

Photographs: CEA credit, if no other mention
Report authors: Claire ANTOINE, Bertrand BAUDOUY, Christophe BERRIAUD, Gilles BOURDELLE, Philippe BREDY,
Pierre BOSLAND, Antoine CHANCÉ, Nicolas CHAUVIN, Stéphane CHEL, Philippe CHESNY, Antoine DAËL,
Michel DESMONS, Romuald DUPERRIER, Maria DURANTE, Wilfrid FARABOLINI, Alain FRANCE, Bernard GASTINEAU,
Laurent GENINI, Raphaël GOBIN, Bertrand HERVIEU, François KIRCHER, Olivier KUSTER, Michel LUONG,
Catherine MADEC, Christophe MAYRI, Chantal MEURIS, Olivier NAPOLY, Jacques PAYET, Olivier PIQUET, Bruno POTTIN,
Jean-Michel REY, Jean-Michel RIFFLET, Françoise RONDEAUX, Claire SIMON, Franck SÉNÉE, Olivier TUSKE, Didier URIOT,
Pierre VEDRINE.
Editorial committee: Claire ANTOINE, Antoine DAËL, Chantal MEURIS, Olivier NAPOLY.
Realization: www.reor.fr
DSM-Irfu-SACM
CEA-Saclay
F- 91191 Gif-sur-Yvette Cedex
http://irfu.cea.fr/Sacm
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