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ABSTRACT

We propose to measure the isotopic distribution of the fission fragments produced in reactions of multi-nucleon transfer induced fission in inverse kinematics. This experimental project aims at harvesting data of interest for the incineration of nuclear waste. The actinides studied are the actinides produced in nuclear power plant (minor and major actinides) and the distribution of their fission fragments may have important impact on the neutron flux inside the reactor. For example, the delayed-neutrons or the decay-heat are directly connected to the isotopic distribution of fission fragments. These data, badly or rarely known, will be of high importance when a large quantity of minor actinide will be introduced in the nuclear core (critical or sub-critical) for their incineration.
For the first time the complete isotopic yields of fission fragments (light and heavy fission fragments) of actinides in between 239U and 246Cm will be measured at an excitation energy ranging between 0 and 30 MeV, with an energy resolution of the order of 1 MeV. The project consists in using the GANIL facility, and shooting a 238U beam onto a 12C target to induce multi-nucleon transfer reactions. Measuring the transfer partner identifies the compound nuclei produced in the reaction. Its decay by fission is measured using the VAMOS spectrometer, which enables the identification in flight of the charge and mass of the fragments. The charge and mass identification of the light and heavy fission fragments is possible due to the inverse kinematics technique. In addition, fission probability as a function of excitation energy will be measured.

In 2005 GEDEPEON has founded our research programme for the construction of a time-of-flight detector aiming at reaching the mass resolution for heavy fission fragments. The present request concerns the funding of the first stage of the light particle (E-E detector, for an amount of 10 kEuros.

INTRODUCTION
Fundamental research around fission has been a source of important breakthroughs for the understanding of nuclear physics. At first, the physicists studied the fission of fissile material that is available on earth, namely 235,238U and 232Th. However, the material inside a nuclear core is irradiated by the neutrons released in fission, and it transmutes into other material, and new actinides such as Curium, Protactinium, Plutonium… also called minor actinides, have been produced in the nuclear cores.  These actinides are unstable, highly radioactive, and they are today the subjects of intense studies in order to reduce their amount in the used fuel of nuclear reactors. Two main directions are followed for this purpose; their incineration by fission in dedicated nuclear reactors [1] and to minimize their production in the nuclear electricity cycle, based on the Thorium fuel [2]. The different properties of the minor actinides from the major actinides leads the study of their fission fascinating, and they have been the subject of intense studies, in matter of fission cross section, multiplicities of neutrons and fission fragments distributions.  The present project aims at measuring the isotopic distributions of fission fragments of exotic actinides in multi-nucleon induced fission. “Exotic actinides” stands for actinides that are not present on earth naturally, but that may be present and produced in nuclear fuels. The precise measurements of fission-fragment distributions of these actinides are crucial data for their incineration [3]. Indeed, the fission fragments may themselves be extremely radiotoxic, and induce high radioactivity of the used fuel, that will cause difficulties for the handling, separation and the storage of the used fuel. Their radioactivity has a direct consequence on the decay heat inside the reactor. Also, the isotopic distributions of fission fragments are directly linked to the number of delayed neutrons, neutrons released after the beta-decay of the fission fragments. 

It was shown recently [4], that in absence of reliable measure of delayed neutrons, the best way to determine the number of delayed neutrons is to deduce them from the isotopic distribution of the neutron emitters. It was also pointed out that there exists no reliable code to predict with satisfactory relevance the isotopic distribution of fission fragments of actinides at low energy [5]. The project to incinerate actinides in dedicated reactors would imply a large quantity of these actinides inside the new reactor, and the amount of actinide to be incinerated could be limited by the lack of precise data on their fission.
In addition to the direct applications of the data, they also lead to a better understanding of the physics of fission and fission-fragments distributions. These are linked to the gross properties of the nucleus as well as fine structure of the nucleons. Both are still subject of intense research [6,7].

OBJECTIVES

The objectives of the project are to produce heavy actinides beyond 238U by multi-nucleon transfer in inverse kinematics, and to measure their fission fragment isotopic distribution as well as their fission probability with excitation energy. Multi-nucleon transfer reactions are heavy-ion reactions where the projectile is shoot on the target with energy close to the Coulomb barrier. During their approach, the two nuclei exchange few nucleons, and the target as well as the projectile change their mass and/or atomic number. With this reaction it is possible to create heavy actinides as Np, Pu, Am, Cm in excited states, which may deexcite by fission. These reactions have been extensively used since the 50’s to study with precision the fission probability and fission barriers of short-life actinides, difficult to produce and study by standard neutron irradiation techniques [8-10]. It was shown that the fission probability after multi-nucleon transfer follow exactly the trend of fission probability after neutron capture [11]. The actinides of interest for their incineration, such as 245Cm, 241,243Am or 237Np will be produced amongst 10 of other actinide nuclei. These nuclei that have half-lives of respectively 8000 years, 400, 7000 years and 2million years, are produced in nuclear reactors in significant quantities (about 20kg per year per 1GW pressurized water reactor). These nuclei are very neutron rich, and can only be produced either by neutron capture from the basic actinides Uranium and Thorium, or transfer-reaction as proposed here. Due to their short life-time (except for 237Np), their study by irradiation technique is extremely difficult. By measuring the energy and angle of the transfer partner, the fissioning system is completely characterized in atomic and mass number, and in excitation energy. The excitation energy resolution may be better than 1 MeV depending on the angular resolution, and the excitation spectrum spread over 20 to 30 MeV, depending on the particle transferred.

The project intends to use inverse kinematics, i.e., a 238U beam on a light and thin target, as 12C. The heavy actinide produced in the reaction continues its flight. In case that the actinide fissions, the fission fragments escape the target with a velocity of about 1 MeV per nucleon due to the Coulomb repulsion, added to the recoil energy of the fissioning system, which is of the order of 6 MeV per nucleon. The enormous advantage of this configuration is the possible detection of fission-fragments, due to the extra kinetic energy of the fission fragments. Indeed, produced in-flight, the fission fragments may be identified with a spectrometer of high acceptance, the VAMOS spectrometer [12], and identified before their beta-decay in atomic and mass number. The resolution expected by this method will be several times better in mass and atomic number than the one obtained in direct kinematics. The impact on models will be important, as for the first time the isotopic distributions of the heavy fission fragments will be measured with a good resolution. 

The fission-fragments are identified in atomic number Z via energy-loss measurement, in mass via energy and time-of flight measurement and in ratio A/q via position measurement and magnetic rigidity reconstruction.

SCIENTIFIC ORIGINALITY

The usual technique to study the fission of exotic actinides is to separate isotopically the actinide from the rest of the used nuclear fuel, and to proceed to further neutron irradiation to induce fission. The actinides are then produced in the shape of thin layers. Due to their radioactivity, the handling of actinides, as isotopic separation and deposition on a support for further irradiation requires complicated and expensive techniques, and the samples produced are usually limited to a very small amount. Further more, even though the targets are extremely thin, the fission fragments produced during the irradiation loose energy in the target itself before escaping the target and being identified by various experimental techniques. Their identification becomes extremely difficult, especially in atomic number, and especially for the heavy fragments. Very good achievement has been brought to by the use of spectrometers to separate and identify the fission fragments, such as Lohengrin at ILL [7]. However, the resolution in atomic number is still not enough to identify without any assumption on the fission process the heavy fragments. In the present project, we benefit from the use of a spectrometer to identify in mass the fragments and from the inverse kinematics with a recoiling fissioning nucleus, inducing additional kinetic energy to the fission fragments and thus improving considerably the possible resolution in atomic number. 

Excellent results on fission fragment distributions have been obtained in spallation reaction in inverse kinematics at GSI, Germany [14]. The GEDEON GdR supported this programme. However, in the case of spallation reactions, the mass and the excitation energy of the fissioning nucleus is deduced from model calculations. Therefore the characteristics of the observed fission distribution are model-dependent. 

In the present project, by measuring the recoil energy of the transfer partner, the excitation energy in the fissioning nucleus is determined experimentally. The second advantage of the present project with respect to the measures of GSI is that with multi-nucleon transfer reactions, it is possible to reach heavy actinides, among them the one of interest for the incineration of nuclear waste. In the experiments of GSI, only lighter actinides than uranium may be studied.

The scientific originality and innovation of the project rely on the following points:

1. Produce exotic actinides isotopically identified of very high mass (around 250 mass units) using multi-nucleon transfer in inverse kinematics. The identification is done by measuring and identifying the light transfer partner. 

2. Measure precisely the excitation energy in the fissioning nucleus, data of importance for the interpretation of the data.

3. Use the VAMOS spectrometer, to separate and identify the fission products with a good resolution in mass number.

4. Use the recoil momentum of the fissioning nucleus to improve the energy-loss resolution and achieve high resolution measurement in atomic number.

PROGRESSES

To reach the wanted resolution of the spectrometer, some improvements in the detection set-up of the spectrometer have to be developed. 

Firstly, a new ionisation chamber and a new silicon wall to measure the energy-loss and energy of the fission-fragments are needed. This development (46kEuros) is already founded by the region Basse Normandie and GANIL, and provided a significant improvement in the capacity of the spectrometer, which could enlarge its specificity to heavy nuclei. This specific research project has thus important consequences on the fundamental research programme around VAMOS spectrometer.

Secondly, the time-of flight measurement is done presently by using two Secondary Electron detectors [10] placed at the focal plane of the spectrometer and distant by 1 m. In the case of fission fragments produced in inverse kinematics, their high velocity of 5cm/ns prevents for a good time resolution over a 1 m path-length. This is why we proposed to use a time-of flight detector placed at the entrance of the spectrometer, in order to enlarge the path length to 8m, to reach a time resolution of 3 per mill.

The request to GEDEPEON in 2005 concerned a large micro-channel plate to cover the entrance of the spectrometer, dedicated for the start signal of time-of-flight. During the design phase of the detector, we have realised that the field leakage of VAMOS quadrupoles prevents from guiding electrons at theentrance of the spectrometer. We thus decided to build a MCP-based detector as far as possible from the spectrometer magnet (i.e. as close as possible from the target), with a system of focusing electrode to counterbalance the effects of field leakage. A pre-prototype has been built in 2006, and has been fired during a test run, due to the very high voltage the MCP has to sustain. By the time we are writing this report a new prototype is built with a better electrode and will be tested in November 2006 before the final phase of the detector will be delivered in 2007. Figure 1 shows the VAMOS chamber with the MCP detector, the anode being placed behind the target.
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Figure 1 : VAMOS reaction chamber. Target frame in green. Cones of beam (on the right) and fragments entering VAMOS (left) are sketched. Fragments pass through an emissive foil surrounded by a focusing electrode that guides the electrons toward a double MCP, placed behind the target in order to be as far as possible of the spectrometer quadrupole.

REQUEST FOR 2007

GANIL is the unique laboratory to held this project, as it allies a high intensity uranium beam and a state-of-the art spectrometer, the VAMOS spectrometer. The technique of inverse kinematics proposed in this project has the strong advantage to allow for an in-flight identification in atomic number and in mass of the fission fragments, even for the heavy fragments which is not achievable in normal kinematics.

The measure will take place as one regular experiment in GANIL, and has been accepted by the “Proposal Advisory Committee” of the laboratory. The experiment will be realised within the support of a European collaboration between laboratories of France, Germany and Spain.

The experiment is composed of two main measures: the light transfer partner, which, if identified in mass and charge gives access to the complete characterization of the fissioning system, and the fission fragment detection. The fission-fragment detection is ensured by the vamos focal plane equipment, as well as the new time-of-flight detector that was founded by GEDEPEON last year. 

The present request focuses on the light particle detection, and more precisely on the (E stage of the segmented silicon telescope.

The light particle detector is composed of two segmented silicon disks, one of 50(m thickness to measure the energy-loss and one of 2000(m to measure the energy of the particle. Particles emitted in the reaction are lighter than carbon, so their identification in mass is possible with a simple (E-E (no time-of flight needed). The energy-loss detector and the energy detector are segmented in 16 rings on one side and 16 quadrans on the other side. Such detectors are produced at MICRON, UK. We have already performed measurement with similar detector, and an excellent resolution was achieved. The angular coverage by the detector is between 30 and 60 degrees, covering largely the grazing angle where most of the cross section may be detected. The large segmentation of the detector ensures for not being blind due too elastic scattering.

By measuring the energy and angle of the transfer partner, the fissioning system is completely characterized in atomic and mass number, and in excitation energy. The excitation energy resolution may be better than 1MeV, and the excitation spectrum spread over 20 to 30 MeV, depending on the particle transferred. 

The price of such detector is around 8kEuros, and a total of 10 kEuros is requested to GEDEPEON for the complete mounting of the detector (including frame and pre-amplifiers).


COLLABORATIONS

As depicted above, the present project is a collaboration between few laboratories of IN2P3 (CENBG,IPNO,IPNL,GANIL) and of Europe (GSI, University of Santiago de Compostella). In fact, it is a continuity of the programme on isotopic yields in spallation started at GSI in 1996, using the same technique of inverse kinematics, but focused on fission of neutron-rich actinides at low energy. The CENBG team joined the project, as their knowledge, skill and interest in transfer reaction are essential. The different implications undertaken by the different laboratories are the following:

GEDEPEON : 10kEuros for the light particle energy-loss detector (present request)

GANIL : 46 kEuros for the VAMOS focal plane upgrade (funded in 2004 region Basse-Normandie and GANIL)

                35 kEuros for the light particle energy detector (thick silicon)

                10 kEuros for the new reaction chamber

EURATOM: 2 years post-doc (start January 2007)

GEDEPEON 2005: 15kEuros for time of flight detector (preceding request)
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