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ABSTRACT

The interest of developing high intensity, CW, proton accelerators, with energies in
excess of 1 GeV, to solve the problem of nuclear waste accumulation is growing
worldwide. The large flux of fast spallation neutrons, produced through the proton beam
and further multiplied in a subcritical reactor, could open the possibility of closing the fuel
cycle in nuclear energy production, burning or transmuting the long lived radioactive nuclei.
This new accelerator application asks for high overall plug efficiency and reliability,
together with very low particle losses for hands-on maintenance. The superconducting RF
technology seems to be the best solution, above 100-200 MeV, in order to design a cost
effective machine, in terms of both capital and operational costs. In Europe few R&D
programs are being recently funded and the effort to unify them in a unique European
project is under way, the aim being the construction of a large scale demonstration plant. In
this paper we discuss the accelerator requirements as emerged so far, the design options
which are being considered and the rationales behind them.

ACCELERATOR REQUIREMENTS FOR AN ADS SYSTEM

A critical part of any Accelerator Driven System (ADS) for waste transmutation[1] is
the high power proton accelerator. The accelerator design call for a performance which is
far from what has been currently achieved in existing machines. While the final choice of
the beam parameters (final energy and average current) will come as a result of a complex
optimization of the whole ADS system - in terms of performances, capital and operational
costs - a few guidelines can be used for the optimization process.

The neutron yield per proton delivered by the beam depends mainly on the proton
energy and from the target design. The total neutron flux needed by the ADS system is
determined by the keff of the subcritical reactor at the core of the transmutation process and
by the choice of the reactor thermal power. Moreover, the accelerator should be capable of
the necessary beam adjustments required to compensate for the variations of the keff factor
during the reactor operation, in order to keep constant the thermal reactor power.
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While the number of neutrons per proton increases monotonically with the beam
energy, the total neutron flux per Watt of incident beam reaches a nearly constant value
above the energy of 1 GeV, as shown by the two curves displayed in Figure 1.

An upper limit on the beam energy is certainly given by the beam losses and the
required shielding, while a lower limit is set by the efficiency of the spallation process and
by the power lost in the beam window.

In addition to the needed performances in terms of beam power, the major challenges
for the ADS driver are the required efficiency and its reliability and availability. In order to
minimize the stresses in the subcritical system an availability close to 100% is needed, with
additional requirements in terms of number and duration of beam interruptions (trips).

The high proton beam power - a minimum beam power in the range from 20 to
40 MW is foreseen for a demonstrator plant - sets very stringent requirements on the
acceptable beam losses in the machine. The need to guarantee “hands-on” maintenance on
the accelerator, i.e. the capability of accessing the accelerator without having to wait for the
decay time of activated components, will severely improve the availability of the system.

Another issue to be considered in the design of such an accelerator is its high capital
costs and its efficiency - in terms of the ratio of the proton beam power to the electrical plug
power needed by its operation.

Figure 1. Neutron yield from the spallation process, as a function of the proton beam energy. The two curves
are the total number of spallation neutrons per incident proton (left axis) and the total neutron flux per Watt of
beam power (right axis).

THE EUROPEAN SCENARIO

Since a few years R&D activities are being carried on by several European groups for
the investigation of a proton linac driver for an ADS system. The IPHI and ASH
Projects [2-3] at CEA-CNRS in France and the TRASCO Program[4] in Italy are
investigating a superconducting linac scenario for the ADS driver and have an experimental
program intended to test the technological components of a similar machine. In the context
of the 5th Framework Proposal Program to the EU, these activities are in the process of
merging in a common group for the design of the accelerator subsystem.

The general considerations exposed in this paper are based on this European scenario,
although similar projects exists both in the USA and in Japan.

The conceptual design of the ADS accelerator will need to meet the specifications on
beam current and energy arising from the design of the spallation target and subcritical core
of the transmutation system, and address all the related reliability and availability issues.
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The superconducting option

The use of the superconducting cavity technology seems to be most promising in terms
of the needed accelerator plug power efficiency. For a CW high power accelerator RF
superconductivity is the most efficient technology for the minimization of the operational
costs. Very low RF power is dissipated in the cavity walls and - even taking into account
the fact that the power is deposited in the cryogenic bath - the acceleration gradient may be
increased with respect to a normal conducting machine.

The superconducting option has also a dramatic impact on the capital cost, by reducing
the total length of the accelerator. The very low losses allow the operation at a much higher
accelerating gradient than a normal conducting machine, where a limit to 1-2 MeV/m is
rapidly imposed by the cooling requirements. Practical accelerating gradients for the
superconducting option are in the 10 MV/m range.

The choice of parameters for the superconducting cavities that have been assumed so
far are certainly conservative with respect to the outstanding performances of
superconducting cavities (accelerating fields well above 25 MV/m) reached in various
laboratories around the world (DESY, CEA, KEK). This margin on the cavity parameters
adds an intrinsic advantage to the reliability of such a machine.

An additional merit of the superconducting cavities is the large bore, that highly
reduces the risk of beam losses, and the accelerator activation by halos of the high intensity
proton beam.

THE MAIN ACCELERATOR COMPONENTS

All the accelerator components for an ADS driver rely on well-tested technologies,
that are currently used in existing accelerator complexes around the world. However, it is
worth noticing that these machines are mainly motivated by high-energy physics
experiments, where, generally, only the total integrated luminosity is of great concern. The
demanding requirements on the reliability and availability of an ADS driver, and the
constraints on beam trips frequency and duration, impose to verify the suitability of these
technologies in this context.

The superconducting accelerator can be schematically divided in three sections:
1. A proton source and intermediate energy section, consisting of a 75-95 keV proton

source, followed by a Radio-Frequency Quadrupole (RFQ) and either a conventional -
warm - Drift Tube Linac (DTL) or a SC linac based on single gap reentrant cavities, up
to approximately 80-100 MeV.

2. The high energy (superconducting) linac, a linac with elliptically shaped, reduced
beta, superconducting cavities, divided in few (2 or 3) families on the basis of the
desired machine energy.

3. The beam transport system and beam expander, needed to transport the high
energy beam to the beam window and expand its transverse dimensions to provide a
uniform density profile on the target.
A schematic layout of the SC linac is presented in Figure 2.

Figure 2. Schematic layout of a superconducting linac as a driver for an ADS transmutation system
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Proton Source and Linac Front End

The SILHI 2.45 GHz ECR source [5] built at CEA/CNRS as part of the IPHI
Project [2] and operating in Saclay has successfully produced a 95keV proton beam at its
nominal current of 100 mA. The source has operated in test runs with an availability of
98%. One of the objectives of the TRASCO program is to build and test at INFN/LNS
TRIPS [6], an ECR source similar to SILHI, designed for an 80 keV proton beam with a
current greater than 33 mA. The main difference with respect to the SILHI design is the
geometry of the extraction channel, modified in order to reduce the occurrence of sparks
and increase the source availability. The commissioning of the TRIPS source is expected in
mid 2000. These activities, and the existing sources operated at Chalk River and Los
Alamos, demonstrate that the needed beam characteristics (in terms of current and beam
quality) for the ADS driver are within the range of the present technologies. Further studies
should address the availability and reliability issues imposed by the subcritical reactor
design.

The proton beam out of the source is a continuous beam, that needs to be bunched at
(an harmonic of) the frequency used for the intermediate and high energy sections of the
accelerator. This task, and an initial acceleration boost up to a few (5-6) MeV, is performed
by a Radio-Frequency Quadrupole (RFQ). A 350 MHz prototype RFQ has been designed,
built and commissioned for the LEDA accelerator in Los Alamos [7]. The LEDA RFQ aims
at a high transmission (~ 95%) at the nominal current of 100 mA. The IPHI Project at CEA
has designed a high current (100 mA), high transmission (~ 98%), 5 MeV RFQ, that will
proceed to the fabrication stage in the near future. As part of the TRASCO Program,
INFN/LNL is designing a moderate current (30 mA) 352 MHz RFQ, aiming at 95% beam
transmission, and a cold aluminum model [8] has been built to check tuning and matching
criteria. The fabrication of the 3 sections of the 6.6 m RFQ is foreseen by mid 2002, to be
tested with the beam provided by the TRIPS source. This moderate current design has
looser constraints on fabrication tolerances, asking for a lower transmission, and is
investigated as a possible simpler alternative to the very complex high current (100 mA)
designs, because of the reduced beam currents envisaged for the ADS demonstrator plants.

While there is a wide international consensus on the choice of the combination ECR
source-RFQ for energies up to 5-6 MeV, different ideas are pursued for the intermediate
energy section, up to approximately 100 MeV.

The APT design in Los Alamos [9] chose a combination of a Coupled Cavity Drift
Tube Linac (CCDTL), followed by a Coupled Cavity Linac (CCL) up to 211 MeV, the
IPHI/ASH design uses a classical Drift Tube Linac (DTL) structure, while the TRASCO
design is following both the classical DTL approach and is investigating the possibility of
extending the superconducting part of the accelerator down to low energies with an
Independently phased Superconducting Linac (ISCL), using reentrant cavities [10]. All
these three possible choices present technical challenges and an accurate comparison to
assess the relative merits and demerits of the DTL - ISCL solutions will be carried out by
the ongoing European collaboration.

The Superconducting Linac

Elliptically shaped superconducting cavities in the frequency range from 350 MHz to
1.3 GHz are successfully used in big electron accelerator complexes (in LEP200 at CERN,
in CEBAF at TJNAF and in the TTF at DESY to quote a few examples), either as bulk
niobium or copper structures sputtered with a thin niobium film. In the last few years a
strong effort has been aimed to push the cavity fabrication technology and chemical
processing in order to reach high gradients. The Tesla Test Facility (TTF) is now routinely



producing bulk niobium cavities with different European industries that, after the chemical
treatments in DESY, operate at a gradient greater than 25 MV/m, with peak magnetic fields
in excess of 100 mT [11].

The cheaper sputtering technology used for the 352 MHz LEP cavities was used for
the industrial production of reliable cavities operating at 6 to 8 MV/m. In this case the
gradients are limited by the lower peak magnetic fields allowed by the thin sputtered
niobium film (of the order of 30 mT). The cavity sputtering technique is strongly dependent
on the cavity geometry, and it has been verified to work well for the highest β=0.85 section,
but cannot be applied "as is" for cavities with smaller β. Due to the very high incident
angles of the sputtered niobium on the cavity walls a bad film quality is achieved in the
standard sputtering procedure, leading to a cavity performance well below that of the LEP
cavities[12].

The choice of cavity fabrication technology (i.e. sputtering vs. bulk niobium) is also
connected to the choice of the linac operating frequency. The low 352 MHz RF used for
LEP200 would benefit from the existence of large infrastructures at CERN and from the
existence of a great amount of ancillary components, like klystrons, couplers, tuners, RF
control and cryostats. The reliability of these components has been widely proven during
LEP operation. The drawback of this choice is first the limited accelerating gradient and
second the fact that it is very expensive to duplicate the necessary infrastructures for the
cavity treatment and measurement, that presently exist only at CERN, due to their very
large size. As an additional note, the mechanical stability of the lowest β cavities at
352 MHz is poor and stiffening needs to be provided to keep the cavity from imploding
under vacuum.

One of the advantages of 704 MHz (twice the LEP frequency) is that the cavities are 8
times smaller in volume with respect to the CERN cavities, and several infrastructures for
cavity fabrication, treatment and measure exist or are being set up in Europe. The 704 MHz
cavities show also a better mechanical stability. As a drawback, all the ancillary
components listed above need to be developed and their reliability proven. The choice of
the higher frequency (and higher fields due to the use of bulk niobium cavities) allows to
reduce by a factor of two the superconducting linac length, thus greatly reducing the civil
engineering costs for such a machine.

We may conclude the discussion on the frequency choice stating that the 352 MHz RF
could be considered if the energy required for the beam is high enough to take advantages
of the cavity sputtering technique (that is, to say, above 1 GeV) and a demonstrator machine
needs to be built in a short time frame, in close collaboration with CERN and making use of
its huge infrastructures. Conversely, the 704 MHz choice leaves more space for making use
of the technological improvements obtained in the past years by the TTF/TESLA linear
collider project, as it has been successfully proven by the single cell measurement at
CEA/Saclay of a β=0.64 single cell cavity.

As a result of these considerations, the TRASCO/IPHI/ASH collaboration is focussing
on the design and fabrication of several 704 MHz prototypes, both in Saclay and Milano,
and aims at the definition of a common design for a prototypical machine based on the
choice of 704 MHz. The activities of the collaboration will also investigate the possibility
of reducing the cost of the bulk niobium cavities by fabricating them with thin niobium
sheets and providing the necessary mechanical stability depositing a thick copper layer by
means of a spraying technique (VPS, APS, VHOF or similar)[13].

It is necessary to note that, while a high acceleration gradient is desired in order to
reduce the linac length, the superconducting portion of the ADS driver surely will not aim
to reach the high gradients of TTF [11]. Longitudinal beam dynamic issues, together with
the need of limiting either the power transferred by the coupler to the high current (20 to
40 mA) beam and the CW RF cryogenic losses, are suggesting a lower gradient.



Figure 3. Plot of the ratio of the peak magnetic field on the surface with respect to the accelerating field
(squares) and of the ration of the peak electric field on the surface with respect to the accelerating field
(triangles), as a function of the cavity β value. The TRASCO and ASH cavities data are plotted for β<1. The
points at β=1 refer to the TTF cavities.

A further constrain to the choice of the maximum cavity gradient comes from the
necessity to adapt the multi-cell electron cavity geometries in order to satisfy the resonance
condition at the reduced longitudinal velocity of the proton beam. The lower the proton
velocity, the shorter needs to be the cell length (L=λrfβ/2), and the worse is the ratio of the
peak surface fields (both electric and magnetic) with respect to the accelerating field. This
behavior is illustrated by Fig. 3, where we plot the ratio of the peak surface (electric and
magnetic) fields with respect to the cavity accelerating field as a function of the cavity
synchronous β value, for the TRASCO/ASH cavities. The points at β=1 are for the
TESLA/TTF (electron) cavity and are included for reference.

On the basis of these considerations, and keeping a safety margin on the operating
peak surface magnetic field by choosing a maximal design value in the range of 50-75 mT,
the bulk niobium superconducting cavities can be run at a gradient around 10-15 MV/m.

The number of linac sections, and consequently the values of the synchronous velocity
for the cavities depend on a series of factors. First, the multi-cell cavities have a velocity
acceptance which decreases with the number of cells. Higher cell numbers are preferred in
order to maximize the active length of the cavity with respect to its physical length. A wider
velocity acceptance is preferred in order to minimize the number of different cavity types in
the accelerator. Considering 5 cells per cavity and an energy range between 100 MeV to ~
500 MeV only two types of cavities are needed, without loosing more than 15% of
acceleration performance due to the lack of proton synchronicity at the section edges.

In the case the subcritical reactor design will ask for an higher energy, an additional
high β (~0.85) section has to be added in order to cover the rest of the linac with the same
acceleration efficiency. This design option extends the maximum beam energy up to
~2 GeV and the cavity performance in the last section is close to that of an electron cavity.

Prototypical work on low β superconducting cavities is being carried out in different
places in Europe. CEA/Saclay has outreached the ASH cavity requirements [3] with
704 MHz, β=0.65 bulk niobium single cells, while the INFN Milano/Genova group, in
collaboration with CERN, reached the TRASCO cavity specifications with a 5 cell niobium
sputtered 352 MHz cavity. Both the APT Project at Los Alamos [9] and the JAERI
transmutation project in Japan [14] are fabricating and testing single cell and multi-cell bulk
niobium cavities up to the project specifications.
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Figure 4. A sketch of the lattice period of the low b=0.5 section. The cryomodule contains two cavities, and
the warm quadrupole doublet provides the transverse beam focussing. Space for beam diagnostics is in the
drift between the two quadrupoles.

One other important component that influence the linac design is the main power
coupler. The coupler should be able to provide from 200 to 300 kW to the cavities, with a
high reliability. CEA/Saclay, in collaboration with Los Alamos, is working on a prototype
300 kW, 700 MHz, coupler design for the ASH Project.

The superconducting cavities and the coupler will be assembled in cryomodules, and
the necessary transverse focussing will be provided either by warm quadrupole doublets or
by superconducting quadrupole doublets placed in the same cryomodule. A sketch of the
resulting lattice period for the low β=0.5 section, with warm quadrupoles, is shown in
Fig. 4. On the basis of the successful design of the TTF/TESLA cryomodules [15], the
design of a cryomodule prototype for the TRASCO/ASH Project is started.

BEAM DYNAMICS IN THE LINAC

The reliability and availability of the superconducting linac is deeply impacted by the
possible beam losses on the beamline. In order to avoid the linac activation and allow for
"hands-on" maintenance, a tight control of the particle loss should be achieved. It is
therefore very important to base the linac on safe design criteria [16] in order to minimize
any possible source of beam halo, and to allow for a large aperture in the high energy
section. In this last respect the superconducting option allows to use much larger cavity
apertures than the values allowed by a normal conducting linac design.

Beam mismatches can induce, via the non linear space charge forces, particle losses
[17] that populate a "halo" region around the beam envelope. The particles in the halo may,
in principle, be driven to very large amplitudes and eventually be lost at the linac aperture.
This mechanism has been extensively studied both analytically and with detailed numerical
simulation codes [18-21].

In all analyses the halo growth induced by parametric resonance between the particle
and beam envelope oscillations is found to be self-limiting [16], and no evidence of particle
drifting to arbitrarily large extensions have been found. A safe linac design imposes the
requirement of a continuous average focussing both in the longitudinal and transverse
planes across the accelerator transitions (from the low energy to the high energy section and
between the different β sections of the SC linac) and adiabatic variations in all accelerator
sections. In addition to that, a large ratio of the beam aperture with respect to the rms beam
size (from 20 to 50 in most designs) is required to allow the containment of possible
mismatch-induced halo growth.

Other possible sources of beam halo formation have been investigated, such as the
intrabeam scattering [22], but no beam losses are expected from the models.
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CONCLUSIONS

We reviewed here the ongoing European R&D activities aiming at the design of a high
intensity superconducting proton accelerator for nuclear waste transmutation, placing them
in the context of similar projects in the USA and Japan.

The basis for the technical feasibility of such a machine exist and various alternatives
are possible for most of the components. The final choice for the machine parameters and
components will be made meeting the requirements, both in terms of performances and
reliability, coming from the design of the subcritical reactor at the heart of the transmutation
system, which will be deeply studied in the context of an Action of the 5th Framework
Program of the European Union.
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