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Abstract 
 
In the recent few years national R&D programs have started in France and Italy in the framework of 
ADS. Limiting the discussion to the high current proton accelerator required to drive the spallation 
process, the two reference programs are respectively ASH and TRASCO. Following the guidelines set 
by the representatives of the three National Institutions involved, CEA, IN2P3 and INFN, we have 
recently converged to a common reference design for the high energy part (above 85 MeV) of the 
superconducting (SC) linac. In this paper I present a brief history and status of the two programs, 
focusing the discussion on the common design and on the two coordinate R&D programs foreseen in 
the next few years. The design and construction of two complete cryomodules, each containing two 
SC cavities, is the major goal of this program, together with the further development of the 
components for the low energy part of the accelerator, where alternative options are still open.  
 
 
Introduction 

 
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 [1,2] at CEA-
CNRS in France and the TRASCO Program[3] 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.  

Following a dedicated Meeting in Paris in January 1999, a MOU has been signed between the 
three national institutions, INFN-CEA-IN2P3, for a joint R&D effort for the ADS driver 
development, based, for the high energy part, on a superconducting linac. On the basis of the 
common experience as members of the TESLA Collaboration, it was agreed upon that the use of the 
superconducting cavity technology is the most promising in terms of the needed accelerator plug 
power efficiency and expected reliability. 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 [3,4].  

The superconducting option has also a substantial 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 
efficiency and cooling considerations. Practical accelerating gradients for the superconducting option 
are in the 10 MV/m range, while taking a large safety margin with respect to the present SC cavities 
technology [5].  

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. 

According to what was stated in the MOU, a strict collaboration was set for the development of 
the general design and the various component of the accelerator. While starting from different funded 
R&D programs and boundary conditions, the very fruitful collaboration established suggests us to 
move rapidly in the process of converging on a common reference design, to multiply the effect of the 
effort and to take advantage of the complementary experiences and competences. 

What I will present in the following is a brief summary of the work done so far in the framework 
of the two different national programs and the guide lines of the now emerging common reference 
design, discussing the rational behind them. The open questions related to the low energy part of the 
accelerator, below 85 MeV, are also discussed together with the motivation to leave open alternative 
solutions with parallel, while coordinate, R&D programs. 

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 (DESY, CEA, KEK, 
TJNAF) in the worldwide R&D activity driven by TESLA. This margin on the cavity parameters adds 
an intrinsic advantage to the reliability of such a machine. In fact, because of the few different linac 
sections (three) required to accelerate the proton beam from 85 MeV to 1-2 GeV, the safety margin on 
the cavity fields, with respect to the well established results on TTF [5], is equivalent to install extra 
cavities in each section, that is to have spares on line to dramatically improve the accelerator reliably.  

We are conscious that the final 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. Because of the sake of definite values for current and energy, we decided to work on a 
common reference design as open as possible and ranging up to 2 GeV, with efficient solutions at any 
chosen energy below this value. Moreover, due to the growing international interest for high power 
pulsed proton linacs for spallation neutron sources and muon storage rings (neutrino beam), we 
decided to design cavities compatible for pulsed operation. 

In the context of the 5th Framework Proposal Program to the EU, these activities are also in the 
process of merging in a wider European effort for the specification of the accelerator subsystem. 

 
 

The ASH Program 
 

In France, a 5-year specific program called ASH (Superconducting Accelerator for Hybrid) will 
start in FY2000 for the development of superconducting cavities applied to high power proton 
accelerators [6]. The main support for this program comes from the French Hybrid program created in 
1998, which aims at investigating the nuclear waste transmutation process. 

The ASH project aims at building and testing a fully equipped cryomodule at 700 MHz, 
including the design and construction of multicell cavities and power couplers. If the cryogenic tests 
are successful in terms of accelerating field, power handling and cryogenic losses, the know-how will 
be transferred to industry for future production.  

The outcome of this R&D work will be a fully evaluated (technical and cost) proposal for a 
waste transmutation accelerator. This proposal will be submitted to the French National Parliament in 
2005, in the frame of the 1991 French law on nuclear waste. 



The proton accelerator for the ASH Program is a linac divided in three parts. The first one is the 
10 MeV injector, under development in the framework of the IPHI project [7-9]. This includes the 
existing 100 mA proton source, and 6 MeV RFQ, under development on the basis of the APT 
experience. A “conventional” DTL is foreseen to bring the energy up to the energy of 85 MeV. The 
high-energy part design is a two section SC linac that brings the proton energy up to the final value of 
450 MeV, required for the demonstrator. A general scheme of the accelerator is shown in Figure 1. 

Figure 1: General overview of the ASH superconducting linear accelerator. The final energy and 
length quoted here correspond to the demonstrator case. (Picture courtesy of H. Safa, CEA) 

 
In order to demonstrate the SC technology applied to a high power proton linac, a fully equipped 

cryomodule at 700 MHz, which includes all the needed ancillary components, has to be build and 
tested with RF power. 

The requirements on the cavity RF performance for proton accelerators are within the present 
state of the art. The main limitation will be the surface magnetic peak field, which in the design has 
been chosen at the conservative value of 50 mT, allowing for a safety margin. Single-cell cavities 
with β = 0.65 have already been fabricated and tested in a vertical cryostat at Saclay [10]. The results 
show excellent performance, reaching an accelerating field exceeding 26 MV/m without quenching 
(the corresponding surface magnetic field is 123 mT). This is shown in figure 2, where the quality 
factor Q0 is plotted as a function of the accelerating field. 

Two 5-cell cavities should be fabricated in early 2000, then prepared and tested at Saclay.  
High power couplers, able to handle 300 kW CW, are required for the final hybrid prototype. A 

new coupler is under design in collaboration with Los Alamos, integrating in the design the important 
requirements of reliability and easy replacement. This is a very crucial point, bearing in mind that the 
coupler might be a weak point in the maintainability of the whole machine (MTBF of the window is 
not yet demonstrated). The present schedule for the coupler development is to perform a first test at 
an intermediate power of 80 kW in 2000 and a full power test in 2001. 

The cryomodule design work will start next fiscal year. Integration of final cavities and couplers 
is planned in 2002 and the complete test done in 2003. Industries should be involved at an early stage 
in order to be ready for series fabrication if the hybrid project were to be approved in 2004. 
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Figure 2: Q0 vs. accelerating field Eacc plot for a single-cell 700 MHz niobium cavity for the ASH 

accelerator. The performance by far exceeds the design goal and adds reliability to the linac design. 
 
The other special studies will include the RF distribution and RF sources. In particular, the 

specific phasing of the SCRF cavities for non relativistic protons would favor individual power 
sources, especially when dealing with fault conditions after a power source failure. 

As for cavity testing, besides the standard vertical cryostat, a specific horizontal cryostat (named 
CRYHOLAB) is under installation and should be operational for testing 700 MHz multicell cavities 
in 2000. Dedicated infrastructures (like clean room facility, chemistry, HPR system, etc…) are also 
under modification to support this program [11]. 

 
 

The TRASCO Program 
 
An R&D program, TRASCO, has started in Italy in 1998 on an accelerator driven system for 

nuclear waste transmutation. Our specific task is to develop, together with the national industry, a 
design of the proton accelerator, along with prototype development for its most critical components.  

TRASCO is a two year, 10 M$, program run by INFN and ENEA, that has a strong partnership 
with many Italian industries. TRASCO is the Italian acronym for Transmutation (TRASmutazione) of 
Waste (SCOrie). 

The aim of this preliminary, and short-termed, program was to set the feasibility of a high beam 
power proton linac based on the CERN, LEP2, established technology. This was an attractive option, 
for a conservative machine ready to be built with a minor R&D effort, because all the ancillary 
components, noticeably the klystrons, power couplers tuners, RF controls and cryostats, exist at 
CERN and are compatible with the ADS linac [12,13]. 

The higher frequency option (700 MHz, to stay compatible with the low energy part frequency) 
has been originally discarded because it would have required a few years of a wider R&D effort in 
spite of more freedom for the choice of machine parameters and more possibilities for improvements, 
as driven by the ongoing worldwide R&D programs on SC cavities. 

Simple scaling laws for the linac design with respect to the RF frequency has been derived, that 
allow to scale at first order to any frequency obtaining the same beam dynamics properties at a highly 
detailed level. According to these laws the linac length scales inversely as the frequency, and hence, 
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the significant length reduction of a 700 MHz linac should greatly compensate the additional 
investment for the component development at this frequency. 

The TRASCO reference design follows from that proposed at Linac’96 and revised at PAC’97 
[12,13]. A 1.6 GeV linac, operated at 25 mA, allows to reach 40 MW of beam power. A beam power 
upgrade is achievable using additional couplers per cavity. This design is based on a normal 
conductive low energy part, which includes a proton source, a RFQ and a DTL, followed by a three 
section superconducting linac, at the 350 MHz LEP frequency. The three sections use five cell bi-
elliptical cavities, designed to match the proton beam at the normalized velocities β=0.5, 0.65 and 
0.85, as shown in Figure 3. 

Figure 3: Schematic layout of the TRASCO linac. 
 
A design for bi-elliptical (both at the iris and at the equator) cavity geometries has been carried 

out for all the three beta sections, including the huge stiffening system required by the lower betas for 
mechanical stability. For the high β section, the CERN sputtering technique has been tested, in order 
to validate this technology at β<1. A collaboration with CERN led to a full five cell sputtered cavity 
for the β=0.85 section, that has been measured at CERN and its performances are the same of the best 
LEP cavities [14]. This cavity, with all the standard LEP ancillary components like couplers, HOM 
and tuners, will be assembled in a modified LEP cryostat for horizontal tests by end of 2000. 

The low energy section of the machine, up to 100 MeV, is under study by two INFN groups, at 
the National Laboratories in Legnaro (LNL) and Catania (LNS), in the framework of the collaboration 
with CEA and IN2P3.  

A working prototype of the source is in operation at Saclay (IPHI) and one major objective of the 
collaboration is the further improvement of its reliability and availability. A second updated version 
of the source is under construction at LNS and will be there assembled and tested in 2000 [15]. 

The design and development of the CW, 30 mA, 5 MeV, RFQ, is under way at LNL. An 
Aluminum full scale prototype of the first section has been constructed and tested to gain experience 
in view of the undergoing engineering design. The construction of the first section (up to 2 MeV) of 
the real RFQ is part of the TRASCO program [16]. 

The medium energy part, up to 100 MeV, is in study by INFN/LNL. The chosen design is based 
on independently phased SC single-cell resonators and, once developed, should have the advantage of 
a higher reliability. This option is pursued by LNL in view of even other possible applications, as the 
production of radioactive nuclei to be accelerate in the ALPI booster. This design takes advantage of 
the wide experience of LNL in the design and operation of low beta SC cavities for heavy ions [17]. 

 
 

The Common Reference Design 
 
In this paragraph a common reference design is outlined as emerging from the collaboration 

work done so far. The scheme I present in the following has to be considered as a preliminary 
personal synthesis because the Institutions have not approved it yet.  
 

 

Ion Source, to 
~0.1 MeV 

RFQ, up to 
5-6 MeV 

Section up to ~100 MeV Section I, ß=0.5, 
up to ~200 MeV 

Superconducting Linac  

Section II, ß=0.65, 
up to ~500 MeV 

Section III, ß=0.85, 
Potentially up to ~2 GeV 



Proton Source 
 
The SILHI 2.45 GHz ECR [7] source built at CEA/CNRS as part of the IPHI Project [1] and 

operating in Saclay has successfully produced a 95keV proton beam at its nominal current of 100 mA. 
The source has operated at 70 mA in one week test run with an availability of 99.98% [8]. A second 
source, with a slightly modified extraction channel geometry, is under construction at INFN/LNS. 
This source, called TRIPS [15] is optimized for a lower extraction voltage (80 keV) and current 
(30 mA) in order to enhance its reliability.  A comparison of the experimental results, curried out 
jointly by the two groups, will give the basis for the final choice. 

 
Radiofrequency Quadrupole, RFQ 

 
Two parallel RFQs are being developed, each one in collaboration with a national industry, for 

performance and reliability comparison. The technology involved and the required tight tolerances 
suggest considering as positive the development of alternative designs, taking advantage from the 
experience of different manufacturers. The French RFQ [9], based on the APT experience [18], is 
designed for current up to 100 mA, while the Italian one, optimized for a 30 mA current, should 
require reduced tolerances and RF power [16].  

 
Intermediate Energy Section up to ~85 MeV 

 
Two alternative design are also considered for the intermediate energy section ranging from 5-6 

to ~85 MeV. The more conventional solution, using a DTL, will be mainly pursued by the French 
group and will be based on a preliminary industrial study, commissioned to a qualified manufacturer. 
A more challenging, while new and not yet proved, design, based on independently phased single-cell 
SC cavities (ISCL), will be mainly studied at INFN/LNL [17], including fabrication and tests of 
prototypes. This solution is supported as a valid alternative by the collaboration because, once 
eventually qualified through the development of the required SC cavities, should have the advantage 
of a much higher flexibility, i.e. reliability, guaranteed by the use of independently phased single gap 
cavities. In fact in this scheme, as for the high energy part of the SC linac (see below for details), one 
specific proton beam energy is not strictly associated with a position into the linac. An appropriate 
redundancy on the number of cavities can than be used to highly improve the accelerator reliability, 
applying the concept of “spares on line”. 

 
High Energy SC Linac 

 
The high energy part of the accelerator is a three section SC linac. For this part of the accelerator, 

that represent the most consistent one and drives the overall accelerator efficiency, the general 
agreement on a common reference design has been considered as crucial for a really fruitful 
collaboration  in view of the envisaged European Project for an ADS.  

The scheme presented in the following is the positive result of this common effort in which, 
through discussions, meetings, calculations and prototype results, we have synthesized what in our 
opinion is not a compromise but the best reference design we can imagine at present.    

Once demonstrated the advantages and the limits of the 350 MHz design based on the LEP2 
technology, the convergence to the 700 MHz frequency has been mainly driven by the machine cost 
estimation . As anticipated, on the basis of the experience gained as active subjects of the TESLA 
cavity development [5], more performing cavities can be realized at this frequency and they can be 
treated and tested in our Laboratories. Moreover, the presently envisaged time schedule for the ADS 
demonstrator gives margin for the development of the ancillary components and the cryomodules. 



Much more difficult is the choice of the reference machine parameters in term of beam energy 
and current because, at present, different options are considered by the ADS community. In this 
context we decided, on the basis of the beam dynamic experience gained so far by the collaboration 
members [19,20], to take advantage of the great modularity of this machine, leaving freedom for a 
postponed decision. In particular the design guidelines can be summarize as in the following: 

 
• The input energies of the three linac sections have been set respectively at 85, 200 and 500 MeV. 
• Different beam currents (up to 50 mA and more) will be extensively computed and qualified, 

while 20 mA is taken as a reference. The final performance of the power coupler will give the 
limit to the maximum current. 

• The high energy section (β=0.86) is designed to be efficiently extendable up to 2 GeV, the final 
energy being only determined by the number of identical cryomodules installed. 

• The number of modules in each section has been based on very conservative cavity performances 
(Max magnetic field, Bmax=50 mT), as compared with the results routinely achieved on TTF 
(Bmax>100 mT). 

• The cryomodule lengths have been set to round numbers, and are based on the TTF experience. 
• A warm section, of 1.5 m length, is guaranteed between two modules for quadrupoles, vacuum 

and diagnostics. 
• The definition of a precise beta for the cavities of the three linac sections has been based on the 

setting of the warm length of the cavity cells.  
• The choice of using two cavities per cryomodule (instead of three) in the second linac section has 

been preferred because of the expected higher reliability.  
 
Table 1 summarizes the parameters of the SC linac for an output energy of 1 GeV (2 GeV) and a 

current of 20 mA. A Higher current requires just more RF power, total and per coupler. Above 1 GeV 
any energy is possible up to 2 GeV at the cost of one four cavity cryomodule for each 45.6 MeV 
added. The total length of the SC linac at 1 GeV is ~ 320 m, while at 2 GeV is ~ 500 m. 

 
Table 1: Summary of the common linac parameters for the 1 GeV (2 GeV), 20 mA option. 

 

  S I  S II S III 
Section βc 0.5 0.68 0.86 
Section length [m] 84 124.2 110.5 (297.5) 
Section Injection Energy [MeV] 85 ~200 ~500 
Focusing Cell Period [m] 4.2 4.6 8.5 
# Focusing Cells/Section 20 27 13 (35) 
Max. ∆E/Cavity [MeV] ( ϕs = -30°) 3.3 6.0 11.4 
Max Eacc [MV/m] 8.5 10.2 12.3 
# Cells/Cavity 5 5 6 
# Cavities/Section 40 54 52 (140) 
# Cavities/Cryomodule 2 2 4 
# Cavities/Klystron 2 2 2 
Max RF Power/Coupler [kW] 66 120 228 
 

 
The envisaged use of one klystron per cryomodule is suggested by reliability considerations, 

while an optimization based on the overall machine efficiency would suggest a higher number of 
cavities per klystron, especially at low energy. This is in contrast with the possibility of leaving the 
beam on in case of a klystron failure. Our reference choice gives credit to the importance of the 
reliability and pay a price of a few percent in term of the capital and the operation cost. 



A simplified scheme of the cavity energy gain along the linac (step curve) is shown in figure 4 as 
a function of the beam energy. The second curve in the figure shows the energy gain per cavity at the 
maximum peak magnetic field of 50 mT and at the constant synchronous phase of – 30°. All energies 
are in MeV. This figure has been used as a crude reference to determine the number of cavities and 
cryomodules per linac section and give an idea of the criteria used to chose the betas of the three linac 
sections. In particular, because all simulations show that voltage ramping [12] is an efficient option to 
smoothly mach the beam at the section transitions, in each section the synchronous beta is chosen to 
give a non symmetric transit time factor curve.  

On the basis of the performances routinely obtained on the TTF nine-cell cavities [5] and of the 
outstanding results on the first monocell developed at Saclay [10], we are confident that the number 
of cavities in each linac section exceeds by more than 20% the one strictly required. A coordinate 
computational activity is now under way to make the best use of this redundancy, that should be 
considered as the on line installation of spare components. The aim of this work is to demonstrate that 
the proton beam can stay on in case of a linac component failure (cavity, coupler, klystron, etc.). In 
particular some components, as the klystrons, should be replaced out of line, while others, whose 
lifetime is expected much longer, could  stay off until the scheduled shutdown. 
 

 
Figure 4 - Simplified scheme of the cavity energy gain along the linac (step curve) as a function of the 
beam energy. The second curve shows the energy gain per cavity at the maximum peak magnetic 
field of 50 mT and at the constant synchronous phase of – 30°. All energies are in MeV. 

 
SC Cavity Design 
 

One of the first necessary steps for the definition of the common design was to set the geometries 
of the superconducting cavities, in order to maximize the benefits of the prototype production 
foreseen by the two national projects. The reference cavity design work has been recently completed 
by the collaboration and the main geometric and electromagnetic parameters for the chosen cavities 
are reported in Table 2. The geometry for the three cavities is seen in Fig. 4. The beam tube at the 
coupler end of the cavity has a bigger aperture than the cell irises, in order to improve the main power 
coupling. The lowest beta cavity has an elliptical shaped equator, in order to better distribute stresses 
along the cavity walls and to simplify the stiffening structure [21].  
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Table 2. Main cavity parameters. 
 

Geometrical Parameters 
Number of cells per cavity 5 5 6 
Cell geom. length [mm] 100 140 180 
Geometrical beta 0.470 0.658 0.846 
Full cavity length [mm] 900 1100 1480 
Iris diameter [mm] 80 90 100 
End tube diameter at coupler [mm] 130 
Internal wall angle, α [°] 5.5 8.5 8.5 
Iris ellipse ratio, r 1.3 1.3 1.4 
Full cavity electromagnetic Parameters 
Max. Epeak/Eacc 3.59 2.61 2.36 
Max. Bpeak/Eacc 5.87 4.88 4.08 
Cell to cell coupling [%] 1.34 1.10 1.28 
R/Q [Ohm] 159 315 598 

 

 

 

 
Figure 5: Sketch of the geometry chosen for the cavities of the three SC linac sections. 
 
A TESLA-like stiffening structure (not shown in Fig. 4) is required for mechanical stability. A 

proper choice of the stiffening ring position reduces Lorentz force detuning, leaving open the pulsed 
operation option [21]. An alternative stiffening scheme by means of copper deposition using plasma 
spay techniques is being currently investigated by the collaboration [22]. The higher beta cavities do 
not require stiffening and  Lorentz force detuning is well within the bandwidth. 

 
 

Conclusions 
 
On the basis of the fruitful experience in the framework of the TESLA Collaboration and of the 

political interest expressed by the National Institutions for coordinate R&D programs in ADS, the 
Franco-Italian collaboration for the development of a joint effort in the design of a SC linac for waste 
transmutation is growing. A common reference design has been chosen for the high energy part of the 
accelerator and for the source, while for the RFQ and the intermediate energy section (up to ~85 
MeV) two alternative design are pursued.  

Prototypes of the critical components are being developed with the national industry, mostly 
based on a common design effort. According to the funding expectation for the following few years, 
we planned to be ready to test two complete, two cavity, cryomodules by the end of 2003. The β = 0.5 
cryomodule will be developed in Italy and the β = 0.68 in France. The ancillary components, 
including the cryostat, will be developed as a common effort. Due to the limits given by the expected 
funding and men power, we are not planning to realize a complete cryomodule prototype of the high 



energy linac section, limiting the effort to the design of its peculiar components. If possible, one or 
two six-cell cavity prototypes will be built and tested.  

In parallel, prototypes of the major elements of the low energy part of the accelerator will be 
realized and tested for performances and reliability. At the end of this program, and according to the 
schedule foreseen by the French part of the collaboration, a CDR will be prepared, where the 
experience on  prototypes will be used as a basis for the final design work. The option of an eventual 
sharing of the beam among different possible users is considered for the component development and 
should be included in the CDR.  
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