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                                                    4. Quantum Chromodynamics 494. Quantum ChromodynamicsConvenor: W. Weise (Italy and Germany);F. Bradamante (Italy), J. Bijnens (Sweden), M. Birse (United Kingdom),M. Garçon (France), M. Vanderhaeghen (Germany),G. van der Steenhoven (The Netherlands), A. Zenoni (Italy),<strong>NuPECC</strong> Liaison: T. Walcher (Germany)4.1 Conceptual frameworkOver the last decade the physics of hadronsand the physics of nuclei, once distinct fieldsexplored by separate communities, have growninto a joint venture with a common root: QuantumChromodynamics (QCD), the theory of thestrong interaction. This theory emerged fromthe current algebras of the 1960’s by way of thequark and parton models. By explaining the observedpatterns in the spectrum of hadrons andthe scaling behaviour seen in deep-inelastic scattering,these developments showed that quarksare the basic constituents of hadrons, and henceof nuclei.Quarks are fermions with an intrinsic angularmomentum (spin) of 1/2 and an electriccharge whose magnitude is either 1/3 or2/3 ofthe electron’s charge. They also carry a propertyknown as “colour” which can take three possiblevalues and which controls the strong interactionsbetween quarks. Six different types of quarksare known. Three of these are light, in the sensethat their masses are much smaller than the nucleonmass. These include the “up” and “down”quarks (denoted u and d) which are the primaryconstituents of normal atomic nuclei. There isalso the “strange” quark (s) which is somewhatheavier but which may make significant contributions,particularly in dense matter. Thenthere are three heavy quarks: “charm”, “bottom”and “top” (c, b and t) which play muchsmaller roles at low energies.QCD is a quantum field theory of quarks interactingwith spin-one bosons known as gluons.Like all theories of fundamental interactions inparticle physics it is a gauge theory: its form isunchanged under “rotations” of the three-valuedcolour charge. What makes QCD fundamentallydifferent from Quantum Electrodynamics is thefact that the gluons carry colour charges andso interact amongst themselves, unlike photonswhich are neutral. It is this highly nonlinear dynamicsof the gluon fields which lies behind keyfeatures of QCD such as confinement (the absenceof free colour-charged objects in nature)and asymptotic freedom (the fact that quarksand gluons interact weakly at high momenta orshort distances).In any quantum field theory, virtual particleswhich result from quantum fluctuations lead tothe strengths of interactions varying with momentum,or “running”. In QCD this means thatthe coupling strength becomes small for particleswith high momenta. On distance scalessmaller than 0.1 Fermi, this asymptotic freedompermits us to treat QCD as a perturbative theoryof point-like quarks and gluons.In contrast, at distance scales of the order of1 Fermi the running coupling becomes large, anda perturbative expansion in powers of this quantityis no longer valid. In this nonperturbativeregime, which corresponds to the energies andmomenta relevant to most of nuclear physics,the particles we observe are not quarks and gluonsbut colourless baryons and mesons. Bothregimes, perturbative and nonperturbative, areexplored experimentally either by studying theresponses of hadronic systems to high-precisionprobes at various energy scales or by creatingconditions of high density or temperature inhigh-energy heavy-ion collisions 1 .1 See also the chapter on Phases of Nuclear Matter.

                                                    

                                                    50 4. Quantum ChromodynamicsConceptually, low-energy QCD has manyfeatures in common with condensed-matterphysics. The ground state or vacuum is a complex,strongly interacting system, filled withcondensates of quark-antiquark pairs and gluons.The observed particles respect only a subsetof the full symmetries of the theory. Asin condensed-matter physics, we have two maintheoretical tools to try to understand such systems:direct numerical simulation of the theory,and construction of effective theories for the lowenergydegrees of freedom. The first approach,known as Lattice QCD, is starting to yield reliableresults for the ground-state properties ofhadrons and for the phase structure of QCD atfinite temperature.Despite the complexity of the QCD groundstate, underlying symmetry principles and thepatterns of symmetry breaking can provide importantguidance for the second approach tothe low-energy regime. In particular QCD withlight quarks has an approximate chiral symmetry(which would be exact in the limit of masslessquarks). This symmetry is spontaneouslybroken by the condensation of quarks and antiquarksin the vacuum. Pions are identified withthe Goldstone bosons corresponding to this symmetry,which explains their small mass and thefact that they interact only weakly at low energies.This makes it possible to represent lowenergyQCD by an effective field theory of pionsand nucleons (and their strange partners),known as Chiral Perturbation Theory.While we have controlled expansions of QCDin the two limiting situations, at very high energiesas a perturbative theory of quarks and gluons,and at very low energies as a perturbativetheory of pions, the true challenges lie betweenthese extremes. Some of the most striking experimentalfacts which have their origins in thenonperturbative regime and which cannot yetbe conclusively derived from QCD are the following:• Mass gapThere is a characteristic mass gap of about1 GeV which separates the QCD groundstate (or “vacuum”) from almost all of itsexcitations, with the exception of the pion.How do these masses arise for hadrons whichare built out of almost massless quarks andmassless gluons?• Colour confinementQuarks and gluons are not observed asfree particles but are always trapped insidecolourless hadrons. What are the mechanismsresponsible for this phenomenon, andin particular what role do gluon fields playin it?• Spontaneous breaking of chiral symmetryPions are quite distinct from all otherhadrons: they have very low masses and interactonly weakly at low energies. Theirproperties can be well explained by treatingthese particles as the Goldstone bosons associatedwith spontaneously broken chiral symmetry.How are the condensates responsiblefor this generated? Under what conditions isthis symmetry restored?QCD is currently the best example we haveof a nonperturbative quantum field theory, definedby a set of simple and fundamental rulesbut giving rise to an enormously rich range ofphysical phenomena. Moreover it is the onlysuch theory that we are able to probe with highprecision and under a wide variety of conditions.How its basic constituents (quarks and gluons)arrange themselves to form baryons and mesons,how these interact collectively in nuclear systemsand how such systems behave under conditionsof extreme temperature or density, theseare key issues for nuclear physics.With these key questions in mind, we highlightsome of the experimental and theoreticalchallenges for the future. These will then bediscussed in more detail in the rest of this chapter.Substantial progress can be expected overthe next decade in the following areas and topics:• The role of glueThe gluon field is the fundamentally new elementof QCD that makes the dynamics of

                                                    

                                                    4. Quantum Chromodynamics 51strong interactions so much different fromany other basic force in nature. Gluons playan important role in the intrinsic structureof the nucleon. In particular, being spin-1bosons, the gluonic contribution to the totalspin 1/2 of the nucleon has been a persistentpuzzle. In the coming decade severalexperiments will provide new data on thiskey issue.QCD predicts the existence of gluon-richstates known as glueballs. It also predictshybrid states consisting of quark-antiquarkpairs with excitations of the gluon field thatholds the pairs together. The search for suchstates, the study of their decay modes andthe investigation of their mixing with “conventional”states is one of the major experimentaland theoretical challenges for the future.• Quark dynamicsThe internal quark-gluon structure ofhadrons is encoded in a well-defined hierarchyof correlation functions, the simplest ofwhich are the parton distributions. In recentyears, much progress has been made in developinga broader framework of so-called GeneralisedParton Distributions (GPDs) whichpromise a clearer connection between fundamentalQCD, phenomenology and experimentalobservables. Significant advancesin this field are anticipated in the near future,especially because observables (such assingle-spin asymmetries and exclusive crosssections) have been identified that can beused to extract information on parton correlationsand quark orbital motion, for whichno data exist so far.The spectroscopy of hadrons and the detailedinvestigation of their decays has been atraditional cornerstone in the understandingof the physics of strong interactions. Mesonand baryon spectroscopy for systems withcharm quarks is less well studied. Precisionexperiments which can explore these stateswill provide much novel information.• New theoretical developmentsIncreasingly accurate results are now emergingfrom large-scale simulations of QCD onfour-dimensional Euclidean space-time lattices.Improved analytical methods for removingartifacts of discretisation, togetherwith steadily increasing computer power,give rise to the expectation that decisivebreakthroughs are at hand.“Integrating out” the colour degrees of freedomfrom QCD leads to an effective fieldtheory of hadrons. The spontaneously brokenchiral symmetry of QCD is the basisfor a systematic expansion of this theory atlow energies. The resulting Chiral PerturbationTheory is applied to mesonic systemsas well as to a variety of processes involvingmesons in interaction with a single nucleon.These studies are essential for analysing theresponse of the nucleon to low-momentumelectromagnetic probes. The approach is beingextended to describe nuclear forces andlow-energy properties of light nuclei 2 .While lattice QCD and effective field theorymethods are promising theoretical tools,each within its own limits of applicability,much of the current experimental interestlies in regimes where no systematic expansionof QCD is known and for which latticeQCD is poorly suited. In these areas, as wellas in the rapidly developing field of GeneralisedParton Distributions, there is a usefulrole to be played by well-founded models, inspiredby QCD but based on quasiparticles,such as consituent quarks, and collective degreesof freedom, such as Goldstone bosonsand instantons. It will be important to developthese approaches further, and in particularto make closer contact with latticeQCD and systematic expansions.• Chiral symmetryDynamics based on the approximate chiralsymmetry of QCD forms a guiding themefor the well-developed programmes exploringthe low-energy frontier of strong interactionphysics. These include high precision experimentson meson-meson and meson-nucleonscattering processes and, in particular, theuse of electromagnetic probes to map out a2 See also section 2 of the chapter on Nuclear Structure.

                                                    

                                                    52 4. Quantum Chromodynamicsvast amount of detailed information aboutthe pion cloud of the nucleon and the structureof the pion itself. Form factors, electromagneticpolarisabilities and meson productionat threshold are crucial testing groundsfor chiral perturbation theory. Applicationsof effective field theory methods to nearthresholdreactions involving two nucleonswill provide further systematic information.The challenges posed for the next decadeare the further improvement of experimentalprecision and the selection of the mostsignificant observables.Insight into the physical mechanisms governingthe mass gap in the hadron spectrumcan be gained from studies of changes to thisspectrum in nuclear systems, and from analysesof these changes in the context of thebroken chiral symmetry of QCD. Experimentalprogrammes which can shed light on thisinclude high-energy heavy-ion collisions aswell as high precision measurements of lowenergymeson-nuclear states.• QCD and nuclear matterSeveral distinct QCD-related phenomenaoccur in interactions of partons (highmomentumquarks and gluons) with a nuclearenvironment. One of them goes underthe name of colour transparency. This refersto the formation of colour dipoles, such asquark-antiquark pairs, and their propagationthrough the medium. Another important issueis the energy loss that partons experiencewhen passing through matter. A detaileddescription of the underlying physicsof such processes is crucial in a broader context.Specifically it is needed for understandingthe mechanisms involved in the ultrarelativisticheavy ion collisions which are beingused to explore the QCD phase diagram.This field draws together parton physics andthe study of hadronic matter under extremeconditions.A valuable source of information on nonconventionalforms of baryonic matter is providedby systems with one or more strangeor heavy quarks. Hypernuclei (nuclei containingstrange quarks) have long been usedfor this and such studies should be pursuedfurther, especially now that new facilitiesbecome available which feature an unprecedentedenergy resolution. Additionalinsights are forseen if nuclear systems withone or more charm quarks can be producedand studied at an appropriate facility.4.2 Physics issues4.2.1 New theoretical developmentsLattice QCDThe non-perturbative nature of QCD at largedistances forms an obvious barrier for analytictreatments. However, important conceptual andtechnical progress has been made towards accuratesimulations of the theory on a discrete latticeof space-time points. These demand bothsophisticated numerical methods and raw computingpower. Developments on both frontsmean that the quality of lattice computations isnow beginning to reach the level at which meaningfulcomparisons with actual observables arefeasible. Recent results include hadron massesand form factors, key properties of the nucleon(such as magnetic moments and the axial couplingconstant relevant to neutron β-decay), aswell as moments of structure functions.These simulations use Monte-Carlo methodsto perform a path integral over configurationsof gluon fields. In the absence of quarks, theweighting of any configuration can be obtainedfrom its action. In QCD, integration over thequark fields introduces the determinant of thequark Dirac operator into the weighting. Constructingthis entails the high computational expenseof inverting a huge matrix. This is oftencircumvented by an enormous simplification:the quenched approximation, in which this determinantis replaced by a constant. Doing thisamounts to discarding most of the quantum fluctuationsof the quark fields, in particular themultiple quark loops representing virtual quarkantiquarkpairs, and it means that some contributionsfrom such “sea” quarks are missing fromphysical observables.While up to now most lattice calculations

                                                    

                                                    4. Quantum Chromodynamics 53have relied on the quenched approximation, thesteadily increasing power of large-scale computingfacilities is starting to permit more extensivesimulations of the full theory, including quarkloops to all orders. Even so, current calculationsare limited to relatively large quark masses, typicallyan order of magnitude larger than the actualmasses of the u- and d-quarks. These correspondto pion masses of at least 0.5 GeV, whichis too large to reliably predict chiral aspects ofpion and nucleon dynamics in the real world.Further significant improvements in latticetechnology are expected in coming years.Although simulations with realistically smallquark masses may still be out of reach for theforeseeable future, ultimately such efforts maynot be necessary. Low-energy QCD in the lightquarksector is realised in the form of an effectivefield theory based on chiral symmetry. Thistheory can be used to extrapolate from latticeresults obtained at higher u- and d-quark massesto the real world. Once lattice calculationsare possible with pion masses of around 300MeV, reliable extrapolations using these methodsshould be able to close the remaining gapbetween lattice QCD and actual observables. Incombination with improvements in gluon andquark actions which permit the use of largerlattice spacings, as well as further increases incomputing speed, this sets the scene for latticeQCD to make major contributions to the fieldas a whole.Parton distributionsThe asymptotic freedom of QCD means in effectthat small-sized configurations of quarksand gluons can form useful probes of hadronicstructure. Such configurations can be created inreactions such as deep-inelastic scattering (DIS),semi-inclusive DIS, Drell-Yan processes, or hardexclusive reactions. A crucial feature of all theseprocesses is “factorization”: the fact that onecan cleanly separate the hard (high-momentum)and soft (low-momentum) aspects of the interactions.The hard part of the scattering amplitudecan be calculated using QCD perturbationtheory whereas the soft parts of the amplitude,which describe how a given hadron reactsto some small-sized configuration, or how sucha probe is transformed into hadrons, lie in therealm of non-perturbative QCD. These parts canbe parametrized in terms of quark and gluon distributions,whose extraction requires close collaborationbetween experimentalists and theorists.The unpolarized distributions describe theprobability that a particular flavour of quarkor a gluon carries a fraction x of the momentumof a fast-moving nucleon. QCD predictshow these distributions evolve with the hardresolution scale and this is now routinely calculatedto next-to-leading order (NLO) in thestrong coupling constant. Higher-order treatmentsare also under development. Analyses ofDIS data have now mapped out the unpolarizedquark and gluon distributions down to momentumfractions x ∼ 10 −4 and over a wide rangeof scales. These results provide a benchmark forthe steady progress being achieved in perturbativeQCD.For the helicity distributions, the presentstate-of-the-art is at next-to-leading order in thestrong coupling constant. Analyses of polarizedDIS have shown that less than a third of thespin of the nucleon is carried by the intrinsicspins of the quarks. The origin of the remainderof the nucleon’s spin is an important openquestion. In fact the NLO analysis of these experimentssuggests that the gluons make an importantcontribution. However the present datacover only a limited range of resolution scale andso there is still a large uncertainty on the polarizedgluon distribution extracted in this way. Amore direct determination is possible using thephotoproduction of heavy quarks, and in particularthe production of pairs of charmed mesons.Recently, NLO analyses of this process have becomeavailable and these will allow us to pindown much more accurately the gluonic contributionto the spin of the nucleon.The above mentioned distributions are incoherentsingle-parton densities in the nucleon.Information on coherent effects in the nucleonwave function can be obtained from hard scatteringprocesses where a finite momentum istransferred to a nucleon. Examples include

                                                    

                                                    54 4. Quantum Chromodynamicsdeeply virtual Compton scattering (ep → epγ)and exclusive electroproduction of light mesons.Qualitatively one can think of these as removingfrom the nucleon a quark of given flavour,momentum and spin, and replacing it in a controlledway by another quark, in general with adifferent flavor, momentum and spin (see Figure4.1). Work in the last few years has shownx + ξγ ∗GPDsγ, π, ρ, ω ...p p’tFigure 4.1: A hard electroproduction process on aproton, leading to a photon or a meson in the finalstate. Such reactions can be used to investigateGeneralised Parton Distributions (GPDs).that the amplitudes for such processes factorizeinto hard scattering parts and a set of generalizedparton distributions (GPDs) which containnew information on the nonperturbative structureof the nucleon. In the forward limit theseGPDs reduce to ordinary parton distributionsbut when a finite momentum fraction is transferredthe GPDs become sensitive to coherenteffects such as quark-quark momentum correlationsor quark-antiquark configurations in thenucleon. Integrals of these distributions overthe average momentum fraction carried by thequarks can provide information on properties ofthe nucleon that are not otherwise accessible. Inparticular, the second moment of a specific combinationof GPDs gives a measure of the totalangular momentum carried by quarks in the nucleon,information which would be complementaryto that extracted from polarized DIS.Effective field theoryEffective field theory (EFT) has become a majortool for nuclear physics in recent years. Underpinningit is the observation that field theoriesdo not have to be fundamental; all that isxξneeded is a clear separation of scales between thephysics of interest and the underlying physics.Nonrenormalizable field theories, which in principledepend on an infinite number of parameters,can then be very useful at a given level offinite “resolution”.To formulate such a field theory, one firstfinds the important degrees of freedom for theproblem and writes down a Lagrangian containingall possible terms allowed by symmetries.Next one identifies a principle for systematicallyorganising these terms in order of importance:a “power counting” which associates with eachterm some power of a small quantity. At a givenorder in these small quantities, only a limitednumber of terms are needed, whose strengthscan be determined either from experiment orwith other theoretical methods. The importanceof this approach is its generality: if any furtherassumptions are introduced, they are clearly visible.These theories play an important role inthree areas of nuclear physics: low-energy mesonphysics, single-nucleon processes near threshold,and the low-energy physics of two or more nucleons.Spontaneous breaking of chiral symmetry requiresthe presence of a set of very light particles,known as Goldstone bosons. For QCD,these particles are the pions, which are separatedfrom all other states by a mass gap of order1 GeV. Goldstone’s theorem requires thatthe interactions of these particles vanish at verylow energies. Kaons and η mesons may also betreated in this way, albeit with caution becausetheir masses are between three and four timeslarger than that of the pion.The resulting EFT is then a low-energy expansionformulated in terms of the Goldstonebosons with a small parameter provided by theratio of the energy or momentum to the massgap. The systematic expansion in this small parameter,chiral perturbation theory, is now basisfor much theoretical work in this area. In themeson sector the combination of EFT and dispersionrelations is proving to be a very usefultool. Applications to pion-pion scattering arenow theoretically fully under control.In the baryon sector too, there is an en-

                                                    

                                                    4. Quantum Chromodynamics 55ergy gap between the nucleon and its excitedstates. The effective field theory here describesstates with a single nucleon and any number ofGoldstone bosons, and the power counting is interms of the momentum divided by the massgap. A significant technical complication, thepresence of the large nucleon mass in all calculationshas been solved by making a nonrelativisticreduction. Calculations now routinelyinclude the first three orders in the expansionand have been applied with some success to processessuch as meson-nucleon scattering, mesonphotoproduction, and Compton scattering (seeFigure 4.2). Other areas under active investigationare the inclusion of the ∆ resonance, andthe treatment of relativistic effects, particularlyin nucleon form factors.dΣd lab2015105Θ lab ⩵60 50 100 150 200Ω labFigure 4.2: Prediction of fourth-order chiral perturbationtheory (solid line) for Compton scatteringcross section on the proton, compared with recentdata from Mainz (diamonds) and older data from Illinois(triangles) and Saskatoon (squares). Also shownis the prediction of the Born and π 0 anomaly termsonly (dotted line).In recent years there has been major progressin extending these ideas to systems of two ormore nucleons. The problem which had to beovercome here is that simple dimensional countingof energies over a mass gap leads to verylarge higher-order corrections. This is becausethere is a bound state just below threshold,the deuteron, in the 3 S 1 channel and a resonantstate just above threshold in the 1 S 0 channel.Since perturbation theory cannot generatebound states, some terms in the interactionmust be resummed to all orders, while still retaininga well-defined ordering principle. Thiswas achieved using renormalisation group argumentsto incorporate an additional low-energyscale in the counting, namely that of the largescattering lengths.At very low energies, well below the pionthreshold, the resulting EFT provides a systematicway to extend the effective-range expansionto describe electromagnetic and weak interactionsof two-nucleon systems. Progress is nowbeing made towards applying it to three-nucleonsystems. At higher energies, pions should beincluded as explicit degrees of freedom. Howeverthe strong pion-nucleon coupling makes thisproblematic, at least in the s-wave channels. Inmore peripheral partial waves, the centrifugalbarrier means that nucleon-nucleon interactionsare weaker. Analyses of these channels nowshow good evidence for the two-pion exchangeforce predicted by the chiral expansion.QCD-inspired modelsAt this point, it is important to stress the distinctionbetween theory and models. A theory isa framework in which observables can be calculateddirectly from underlying principles, in thepresent case those derived from QCD. Its applicationgenerally involves various approximationsbut, at least in principle, these can be improvedupon systematically. In addition a theory shouldbe capable of specifying the limits of its validity.An approach which does not satisfy simultaneouslyboth of these criteria is a model.Perhaps the most important use for modelsis to identify the dominant physics involved inparticular processes and hence to indicate whatmight be learned from future experiments. Successfulmodel descriptions can provide bridgesfrom areas where QCD can be applied directlyto a broader range of phenomena where rigorousapproaches are not at present available.A first class of such models is based on quasiparticleand collective degrees of freedom. Thesecan provide a reasonably good description of thehadron spectrum in terms of constituent quarks.The addition of a flux tube picture for the gluonicdegrees of freedom makes it possible to reproducemost of the spectrum. While flux tubes

                                                    

                                                    56 4. Quantum Chromodynamicshave been shown to exist using lattice QCD (atleast for infinitely heavy quarks), the emergenceof constituent quarks remains mysterious. It isgenerally believed that their masses are associatedwith the spontaneous breaking of chiralsymmetry. This is embodied in versions of constituentquark models which include couplingsto pions and so satisfy constraints of chiral symmetry.Attempts to connect these models moreclosely to QCD invoke configurations of gluonfields such as instantons and colour monopoles.Closely related to these are collective models,where baryons emerge as solitonic configurationsof Goldstone boson fields (Skyrmions).Many of their predictions correspond to thoseof a quark model with a very large number ofcolours of quark. Recent versions of these models,where the mesons are generated as quarkantiquarkpairs, naturally give rise to an antiquark“sea” and can be used to predict seaparton distributions. However connecting thesemodels more closely to QCD remains an openproblem.The second class of models is based entirelyon hadronic degrees of freedom. These are typicallyLagrangians which satisfy some constraintsof chiral symmetry and which are formulated interms of physical mesons and baryons, includingresonances. At present they provide one of themain tools for understanding the intermediateenergydomain. More systematic applicationsof chiral symmetry constraints and matching toQCD short-distance behaviour will lead to furtherprogress in this area.Finally, further improvement is also to beexpected in the use of unitary resummationsto extrapolate the results of chiral perturbationtheory to higher energies. These approachesare able to describe several intriguing propertiesof the scalar meson sector as well as excitedbaryons.4.2.2 Role of glueSpin of the nucleonIn the naive quark model, the spin of the protonis carried by its three valence quarks (seeFigure 4.3). However, in recent years we havelearned that the gluons and possibly the orbitalangular momentum of the quarks and gluonsalso contribute to the total spin content of thenucleon. This is commonly expressed by the followingequation12 = 1 2 ∆Σ + ∆G + L z, (4.1)where ∆Σ represents the summed contributionsof the quarks spins, ∆G the contribution of thegluons, and L z the orbital angular momentumof the partons.uduFigure 4.3: The (spin) structure of the nucleon.Apart from the contribution of the valence quarks,the gluons and sea-quarks may contribute as well (enlargement).Not shown in the figure is a possible orbitalangular momentum contribution of the quarksand gluons.Experimental information on the summedquark contributions has been obtained in polarizeddeep-inelastic scattering experiments. Theresults of such experiments are expressed as thelongitudinal spin (or helicity) distribution functiong 1 (x). When integrated over, this yields avalue for ∆Σ. Data on g 1 (x) have been obtainedin various experiments carried out at CERN,DESY and SLAC. Their results are in goodagreement with each other. On the basis of thesedata the total quark spin contribution 1 2∆Σ tothe nucleon spin is found to be 0.1–0.3, indicatingthat additional carriers of angular momentumare needed in the nucleon.To understand further the spin structureof the nucleon, the flavour dependence of the

                                                    

                                                    4. Quantum Chromodynamics 57spin distribution functions has been determined.This is done in semi-inclusive deep-inelasticscattering experiments, in which one of the finalhadrons is detected. The type of hadron (usuallya π + , π − , K + or K − meson) provides a tagon the flavour of the struck quark. The results ofsuch measurements reveal that the polarizationof the u-quarks is parallel to that of the proton,while the polarization of the d-quarks hasthe opposite orientation. Most importantly, thesea quarks have been found to carry very littlepolarization.As the polarizations of the valence and seaquarks taken together cannot account for the fullspin of the nucleon, efforts are now being madeto measure the gluon polarization. AlthoughQCD analyses of the polarized structure functiong 1 (x) indicate that the gluon polarizationcould be large and positive, no direct measurementsof ∆G exist. The proposals for determining∆G are based on identifying photon-gluonfusion events in deep-inelastic scattering experiments.In these processes the virtual photonannihilates with a gluon from the target to producea quark and its antiquark. The asymmetryof the process is sensitive to the gluon polarization.HERMES has recently explored this processby detecting pairs of hadrons with hightransverse momentum. This has yielded a positivevalue for ∆G but with large statistical andsystematic uncertainties. The recently startedCOMPASS experiment at CERN will provide amuch more precise measurement of the gluon polarizationbased on the identification of photongluonfusion events by detecting either charmedparticles or high-p T pairs of hadrons. This experimenthas been designed to be able to mapout the x dependence of ∆G. In the future, complementarydata on the gluon polarization areexpected to come from the RHIC-spin programat BNL using polarized proton beams.Glueballs and hybridsSimple constituent quark models have been remarkablysuccessful in explaining most featuresof the observed meson spectrum. However, theQCD spectrum is much richer in content thanthat of the naive quark model. Gluons, whichmediate the strong force between quarks, alsocarry colour charges and are able to interactwith each other. The gluon-gluon interactionis the distinct feature of QCD held responsiblefor one of its spectacular consequences: confinement.It is also the source of another strikingprediction of QCD: the existence of gluon-richstates known as glueballs, and of mixed statesof quarks and gluonic excitations known as hybrids.QCD-based “chemistry” suggests a varietyof unconventional hadron configurations, such asmeson-meson molecules bound by residual QCDforces, or more complicated color-neutral multiquarkstates such as qq¯q¯q or qqqq¯q. All thesestates should appear superimposed on the ordinarymeson and baryon spectra.The experimental observation of these exoticparticles, in particular glueballs, would confirmone of the most important features of QCD. Onthe other hand, the non-existence of such stateswould pose a genuine problem for our understandingof hadronic physics in the context ofQCD.At present, the best candidate for the groundstate glueball has emerged from antiprotonprotonannihilation experiments performed atLEAR. This rather narrow state, the f 0 (1500),has the quantum numbers J PC = 0 ++ . Itsmass and width are consistent with predictionsof lattice QCD for the ground state scalar glueball.However, the definitive identification ofthe f 0 (1500) as a glueball is complicated byits possible mixing with nearby conventional q¯qscalar mesons. The unambiguous identificationof those q¯q states, including the scalar s¯s, andthe clarification of the multiquark (qq¯q¯q) contentof the a 0 (980) and f 0 (980) mesons, are importantsteps that need to be further pursued.This last issue is being explored by the KLOEexperiment at DAΦNE.The mixing between predominantly gluonicbound states and neutral, flavour-singlet mesonsmeans that some “conventional” meson statesmay contain significant glueball admixtures intheir wave functions. Indeed, the possibility of aglueball component in the η ′ meson has been ar-

                                                    

                                                    58 4. Quantum Chromodynamicsgued for many years. However, the recent measurementof the ratio Γ(φ → η ′ γ)/Γ(φ → ηγ), bythe KLOE experiment at DAΦNE finds a valuewhich limits the glueball content of the η ′ to atmost 10–15%.Candidates for hybrid states have been identifiedin π − p reactions at BNL and in ¯pp annihilationat LEAR. A striking feature is that theirproduction rate in ¯pp annihilation is comparableto that of normal q¯q states. However, severalpredictions put the 1 −+ hybrids at massesaround 2 GeV/c 2 . The discrepancy betweenthese predictions and the experimentally measuredstates needs further clarification.The COMPASS experiment at CERN canstudy Primakoff and diffractive production oflight-quark hybrid mesons in the 1.4–3.0 GeV/c 2mass region, including the candidates just mentioned.A 200 GeV pion beam will be usedto measure pion-photon and pion-Pomeron reactionsleading to selected hadronic final states.The relative strength for production of hybridscompared with other close-lying states is expectedto be significantly larger than in previousexperiments, leading to substantially reduceduncertainties.Until now, the search for glueballs and hybridshas been mainly restricted to the massrange below 2.2 GeV/c 2 . In the case of centralproduction in proton-proton collision, anothergluon-rich process, production of higher massstates is limited by the fall-off of the cross sectionwith the inverse square of the mass of thestate. Also, radiative J/Ψ decay, which couldproduce gluonic hadrons up to 3 GeV/c 2 , lacksthe required statistics. For a more complete understandingof the nature of gluonic excitations,a careful study of the spectrum of glueballs andhybrids up to 5 GeV/c 2 is an absolute necessity.Central parts of the physics programme usingthe PANDA detector at the High-EnergyStorage Ring (HESR) planned at GSI are thesearch for gluonic excitations in the charmoniumsector and the continuing hunt for glueballs, includinghighly excited states with exotic quantumnumbers. Light hybrids (with masses up to2.5 GeV) will be a focus of the proposed 12 GeVupgrade of the Jefferson Lab facility.Going to higher masses in the search for gluonichadrons provides several advantages:• Normal light-quark systems have a complicatedspectrum. Nearly a hundred stateswith widths of ∼100–400 MeV are known inthe mass interval 1–2 GeV/c 2 . In the charmoniumregion only eight narrow states existin the 0.8 GeV/c 2 interval below the D ¯Dthreshold, and the continuum above is relativelysmooth. This makes it likely thatany exotic states in the 3-5 GeV/c 2 massregion can be resolved and identified unambiguously.• Lattice QCD and various models all predictlow-lying charmonium hybrids with massesbetween 3.9 and 4.5 GeV/c 2 , the lowest statehaving the exotic quantum numbers J PC =1 −+ . Three of the eight lowest-lying charmoniumhybrids have spin-exotic quantumnumbers, hence strong mixing effects withnearby c¯c states are excluded.• Quantum number conservation and dynamicalselection rules imply that charmoniumhybrids below the ¯DD ∗∗ threshold of 4.3GeV/c 2 cannot decay into D mesons andso their widths should be small. Hybridsthat can decay into D ¯D are expected to havewidths similar to the 25–40 MeV widths ofthe known vector states Ψ(3S), Ψ(4S) andΨ(5S).• Nucleon-antinucleon annihilation can producegluons as well as quark-antiquark pairswithin a volume corresponding to the rangeof the strong interaction. As a result ordinarymesons and gluonic hadrons shouldhave similar chances of being formed. Indeed,experiments at LEAR indicate thatproduction rates of q¯q states are similar tothose of states with exotic quantum numbers.• In the mass range that is accessible to theHESR project, lattice QCD suggests the existenceof about 15 glueball states, some withexotic quantum numbers. For example, thelightest glueball with the exotic quantumnumbers 2 +− is predicted to have a mass of

                                                    

                                                    4. Quantum Chromodynamics 594.3 GeV/c 2 . For such glueballs the mixingwith normal mesons should be suppressed.As a consequence they are predicted to berather narrow and easy to identify experimentally.Searches for glueballs and hybrids in thisenergy region can be performed in parallelwith studies of charmonium spectroscopy at theproposed PANDA detector. In addition, bycomparing different production mechanisms itshould be possible to find unambiguous signaturesof these exotic states.4.2.3 Quark dynamicsTransversity“Transversity” refers to a third structure functionwhich describes a novel aspect of the dynamicsof quarks in the nucleon. While thestructure functions f 1 (x) and g 1 (x) represent themomentum and spin distributions of the quarks(see sections 4.2.1 and 4.2.2), the third functionh 1 (x) represents the transverse spin distributionof quarks, that is the probability of finding aquark with its spin-orientation parallel to thatof the nucleon when the nucleon spin is perpendicularto the incident beam (see Figure 4.4).Almost nothing is known at present about thetransversity distribution h 1 (x), even though it isof great interest since data on it would enable usto investigate two remarkable QCD-based predictions.Gluons are predicted not to contribute to thetransverse spin distribution and so the structurefunctions f 1 (x) and h 1 (x) are expected to differconsiderably. As a result both the dependenceof h 1 (x) onQ 2 and the integral over h 1 (x)(known as the tensor charge, δΣ q ) should bequite different from their longitudinal counterparts.The well-known QCD scaling behaviourof f 1 (x) (which is largely driven by the gluoncontributions) is predicted to be essentially absentfor h 1 (x). In addition the tensor charge ispredicted to be much larger than the integralover g 1 (x) which leads to ∆Σ.Inclusive deep-inelastic scattering can beused to measure only chirally even quantities,f = g11=-h = -1Figure 4.4: The different spin orientations of thethree functions f 1 (x), g 1 (x) and h 1 (x) that give afull account of the momentum, helicity and transversespin structure of the nucleon.whereas h 1 (x) is chirally odd and so to obtaininformation on h 1 (x) we must combine it withanother chirally-odd observable. An example ofsuch a function is the one needed to describethe azimuthal dependence of pions produced indeep-inelastic scattering. Therefore, one possibleway to determine the transversity distributionis to use transversely polarized targetsin combination with measurements of the azimuthaldependence of the produced hadrons.A first hint of a non-zero transversity distributionhas been reported by HERMES. Inthis experiment the single target-spin asymmetryfor leptoproduction of pions was measuredon a longitudinally polarized hydrogen target.The data show a small positive single-spin asymmetry.Similar data have been obtained on alongitudinally polarized deuterium target.The data can be explained by a model calculationassuming reasonable estimates for boththe transversity distribution h 1 (x) and the corresponding(chirally odd) fragmentation function.However, the small azimuthal asymmetrymight also be caused by a final state interactionbetween the spectator system and the currentquark jet. Future measurements using a transverselypolarized target will be able to resolvethis ambiguity, as the two processes give rise toa transverse single-spin asymmetry with differentdependence on the azimuthal angle betweenscattering plane, transverse spin direction andplane of the produced hadron.On the basis of the small asymmetries measuredwith longitudinally polarized targets, it isexpected that sizable asymmetries will be observedif transversely polarized targets are used.Such experiments have recently been startedat both COMPASS and HERMES. They willnot only be able to measure the contribution ofcontaminating final-state interaction effects, but

                                                    

                                                    60 4. Quantum Chromodynamicsthey will also allow the first direct measurementsof the transversity distribution.It should be emphasized, however, that considerablyhigher statistics will be needed to extractan accurate value for the tensor charge ofthe nucleon and to study the Q 2 dependence ofthe transversity distribution. Hence, althoughCOMPASS and HERMES will provide very importantfirst data in this otherwise virgin field, afull investigation of this aspect of nucleon structurecan only be carried out at a new highluminositylepton scattering facility. Such a facilitywill make it possible for the first time toverify the predictions of QCD for the transversespin structure of the nucleon, namely a largetensor charge and weak evolution of h 1 (x) withQ 2 .Beam spin asymmetry0.40.20.00.20 π/2 π 3π/2 2πAngle Φ between leptonic (ee’γ * ) and hadronic (γ * γp) planesFigure 4.5: Beam spin asymmetry in the process⃗ep → epγ from CLAS at JLab (red points) with electronsand from HERMES (green) with positrons, insomewhat different kinematical regions. The approximatesin Φ dependence is suggestive of the applicabilityof the GPD formalism, as illustrated by thetheoretical curves.Generalised parton distributionsGeneralized parton distributions (GPDs) offera more comprehensive description of quark dynamicsin the nucleon, since they can take accountof correlations between different quarkmomentum states, and between longitudinalmomentum and transverse position. They areuniversal non-perturbative objects entering thedescription of hard exclusive electroproductionprocesses such as ep → e ′ p + γ, ρ, ω, π. UsingQCD factorization theorems, the amplitudesfor such processes can be split into hard scatteringamplitudes between partons and GPDs,as shown in Figure 4.1. From the theoreticalpoint of view, the introduction of these new distributionsbuilds a bridge between fundamentalQCD, phenomenology and experimental observables.Moreover, such measurements are sensitiveto the total angular momenta carried byquarks of given flavour in a polarized nucleon.Several observables in deeply virtual Comptonscattering (DVCS) and exclusive deeply virtualmeson production (DVMP) provide a handleon the experimental determination of thesedistributions. However the hard productionof photons within the target nucleon is indistinguishablefrom the Bethe-Heitler process inwhich the photons are emitted by the incidentor scattered electrons. At high enough energies,DVCS is nonetheless expected to dominate inmost of phase space, whereas at somewhat lowerenergies, the interference between the two processesmay be used to study DVCS at the amplitudelevel.The first experimental results do indeed indicatethat Compton scattering at the partonlevel has been observed. Cross sections measuredby the H1 and ZEUS collaborations atHERA are in qualitative agreement with estimatesbased on gluon and quark GPDs. Beamspin asymmetries, measured both at HERMESand JLab/CLAS (see Figure 4.5), display a characteristicsin Φ dependence due to the abovementioned interference. Moreover, the first measurementof beam charge (e + /e − ) asymmetry atHERMES is indicative of the anticipated cos Φdependence and identifies the role of q¯q configurationsin the proton.Dedicated DVCS experiments, using new additionsto existing detectors, will be performedat JLab and HERMES starting in 2004. Thesewill provide much better statistics and an improvedseparation of the exclusive process by detectingall final state particles. This allows thestudy of the scaling behaviour of observables,putting on a firm ground the underlying theoreticaldescription. Looking further ahead, suchmeasurements are among the primary goals of

                                                    

                                                    4. Quantum Chromodynamics 61the 12 GeV upgrade at JLab. Measurementsat COMPASS, with 100–200 GeV µ + and µ −beams hold great promise for mapping out thet-dependence of the GPDs.The cross sections and asymmetries for exclusiveleptoproduction of vector and pseudoscalarmesons are sensitive to different combinationsof GPDs. Hence data on the various reactionscan lead to information on the distributionsfor different flavours. Of particular interestis the production of longitudinally polarizedvector mesons on a transversely polarized protontarget. In these processes, the transverse targetasymmetry is sensitive to the contribution of thetotal angular momentum of the quarks, J q ,tothe proton spin. Specifically, ρ 0 , ρ + and ω electroproductionare sensitive to the combinations2 J u + J d , J u − J d and 2 J u − J d respectively.Measurements of this kind were started at HER-MES and COMPASS in 2002. With the 12 GeVupgrade, JLab/CLAS should be able to measurecross sections up to Q 2 ∼ 8 GeV 2 .In order to fully exploit the potential ofGPDs, a new lepton scattering facility is needed.Precise measurements of the associated deeplyvirtual and exclusive reactions require both sufficientbeam energy and high luminosity. Thiswill permit the dependence on different kinematicvariables to be studied systematically,which is crucial for extracting the distributionsfrom data. The existing facilities in Europe operateat luminosities that do not allow such studies.In the United States, the CEBAF acceleratorwill make a major step forward, but evenwhen upgraded in energy to 12 GeV, it does notcover all of the necessary kinematical domain.Finally, further theoretical studies are neededto evaluate the role of higher-twist effects, aswell as other possible applications of the GPDformalism.Light-quark hadronsAt longer distances corresponding to the confinementscale of 1 Fermi and beyond, one cannotdirectly “see” quarks, but the underlyingquark dynamics is nevertheless at the originof ground-state properties of hadrons, their excitationspectrum and the interaction betweenthem.Our QCD-based understanding of such fundamentalissues has been promoted significantlyby recent high-precision measurements. In particular,results from MAMI on the neutron electromagneticform factors and nucleon polarisabilitiesclearly indicate the importance of thepion cloud in the structure of the nucleon (seeSection 4.2.4).Strange elastic form factors of the protonhave also been extracted from experiments onparity violation in electron scattering. The firstresults from JLab and MAMI suggest that thestrange-quark content of the nucleon is small, asprobed by vector currents. These results requirefurther experimental and theoretical investigation.The excitations of a quantum system canprovide important information about the wavefunctions of its constituents. Modern precisionexperiments and detectors are sheddingnew light onto the old subject of baryon spectroscopy.For example, the recent determinationof the quadrupole component in the electromagneticN → ∆ transition (at MAMI, ELSA,LEGS and JLab) also points to the role of thepion cloud surrounding the nucleon.Furthermore, sum rules directly connect lowenergyproperties to the polarized and unpolarizedphotoabsorption cross sections on the nucleon.In particular, the contribution to theGerasimov-Drell-Hearn sum rule from the resonanceregion has been measured at MAMI andELSA. The extension of such sum rules to theforward scattering of virtual photons will allowquantitative studies of the transition froma resonance-dominated description at lower Q 2to a partonic description at larger Q 2 . Suchmeasurements are being carried out at ELSA,HERMES, MAMI and JLab.The constituent quark model predicts moreexcited states of the nucleon than have been observedso far. The search for such states is a majorthrust of many experimental programs in theyears to come, and it will also require renewedtheoretical analyses. Resonance decays such asN ∗ → Nππ are being investigated in neutral

                                                    

                                                    62 4. Quantum Chromodynamicschannels at GRAAL and in charged channelsat ELSA/SAPHIR and JLab/CLAS. Such experimentalcapabilities will be significantly enhancedin future with the use of the SLACCrystal Ball at the upgraded MAMI and of theLEAR Crystal Barrel at ELSA. Similarly, studiesof two-pion production in nucleon-nucleoncollisions have been started at CELSIUS andCOSY; these are sensitive to the properties anddecays of the baryon resonance N ∗ (1440)P 11 .The channel N ∗ → ΛK, which can be studiedat ELSA and Jlab, is also a promising one forthe discovery of new baryon resonances.Turning to the interactions of nucleons, detailedstudies of proton-proton scattering havebeen performed as a continuous function of thebeam energy at COSY/EDDA, with either unpolarizedor polarized beam and target. Theseresults significantly constrain nucleon-nucleonphase shift analyses up to 2 GeV and yield tightupper limits on the elastic widths of (hypothetical)narrow dibaryons.Meson production dynamics in few nucleonsystems may also reveal new features of thestrong interaction. For example, η meson productionat threshold in the 2, 3 and 4 nucleonsystems already gives strong indications of theexistence of a quasi-bound η − He state. It willbe the task of CELSIUS/WASA and COSY tosearch for more direct evidence for such a state.Charmed quark systemsThe importance of precision studies of the charmoniumsystem, compared to the other quarkonias¯s and b¯b, relies on its privileged position,lying in the region of intermediate distanceswhere the domains of perturbative and nonperturbativeQCD come together. It is for thisreason that the charmonium system providesa unique testing ground for QCD. Indeed, themasses and widths of the c¯c states directly reflectthe basic q¯q interaction; the various termsin the interaction are connected with differentspecific features of the spectrum. Moreover, itis in charmonium spectroscopy where the gluoncondensate of the QCD vacuum can be determined.Finally, from an experimental point ofview, charmonium states below the D ¯D thresholdare limited in number, have small widths,and are well resolved.Discovery of the missing levels and accuratemeasurement of all states will provide significantadditional insights into QCD. It will helpto differentiate among various QCD inspired potentialmodels and to fill in blanks in our understandingof the basic q¯q interaction. Sucha program is complementary to the physics oflight-quark systems for which the large value ofthe strong coupling constant rules out the use ofperturbation theory. At the other extreme, thespectroscopy of the bottomium system is characterizedby the almost static behaviour of thevery massive b quark.Charmonium spectroscopy was extensivelystudied at e + e − colliders during 1974–80. However,the technique of studying charmonium viae + e − annihilation had important limitations. Inparticular, only the vector states, J PC =1 −−(J/Ψ, Ψ ′ ,...), could be directly formed, all otherstates having to be produced by radiative transitionsfrom the J/Ψ orΨ ′ , with consequent limitationsin precision. The masses of several stateswere well determined but not, in general, theirwidths.Experiments R704 at CERN and E760/E835at Fermilab demonstrated that charmonium formationusing p¯p annihilation has two significantadvantages compared to e + e − annihilation. Thefirst is that, since p¯p annihilation must proceedvia two or three intermediate gluons, itcan lead to the direct formation of charmoniumstates with all possible quantum numbers. Thismeans that the precision achievable for all statesdepends only on the quality of the antiprotonbeam and not on the detector properties. Thesecond advantage comes from the possibility ofcooling antiproton beams (stochastically and/orwith electrons) to obtain a momentum resolutionof one part in 10 5 , which translates directlyinto improved mass resolution.With this technique, impressive progress hasrecently been achieved in the determination ofmasses and widths of several states, includingthe χ 1 and χ 2 states, and the first observationof the h c . The latter is the long awaited 1 P 1state whose mass can yield information about

                                                    

                                                    4. Quantum Chromodynamics 63the spin-spin interaction between quarks.Despite these efforts, there remain a numberof unresolved fundamental questions concerningthe charmonium system. These will beaddressed by experiments focused on charmoniumspectroscopy, using the PANDA detectorsystem at GSI/HESR. This facility will offer improvementsbeyond the Fermilab program, byproviding higher-energy antiproton beams (15GeV), higher luminosity, better cooling, and astate-of-the-art hermetic detector for both electromagneticand charged particles. Particulartopics from its program are as follows:• Little is known about the ground stateη c (1 1 S 0 ). Its first radial excitation η ′ c (21 S 0 )has only been hinted at in an early e + e − experimentand was not observed in p¯p experiments.A possible explanation for this nonobservationmight be a shift of the mass ofη c (1 1 S 0 ), due to a mixing with a nearby 0 −+glueball.• The singlet P -wave resonance h c ( 1 P 1 ) is particularlyimportant for determining the spindependentcomponent of the confinement potential.Very little is known about this stateso far.• Essentially no states are known above theD ¯D breakup threshold, so there are potentiallysignificant new discoveries to be made.For instance, most of the d-wave states arestill missing.• Exclusive charmonium decays can provide atesting ground for QCD predictions, particularlyfor the study of higher Fock state contributions,which might produce sizeable effectsin certain cases.When running at full luminosity, HESR willproduce a large number of D-meson pairs. Thus,it can also be regarded as a hadronic factoryfor tagged open charm. The high yield andthe well-defined production kinematics of thesepairs would allow studies of rare processes in thecharm system such as CP-violation or flavourmixing, and determininations of the decay constantsof charmed mesons. Measurements ofCP-violation and rare D decays could open anew window into physics beyond the StandardModel.Finally, it is worth mentioning the excitingsignals reported by the SELEX Collaborationat Fermilab, which hint at the first observationof three doubly charmed baryon states. Thestudy of these systems, whose existence is requiredby broken SU(4) f symmetry, is an experimentalchallenge because of the very low crosssections and small branching ratios.4.2.4 The low-energy frontier and chiraldynamicsChiral symmetry and hadron physicsThe chiral symmetry present in QCD is spontaneouslybroken. As a consequence there is aset of light particles, called Goldstone bosons,whose interactions are strongly constrained bythis symmetry. Even though the underlyingQCD interactions which cause spontaneous symmetrybreaking are strong, Goldstone bosons interactweakly at low energies. In fact, in thelimit of massless quarks and zero energy, theirinteractions strictly vanish. This makes it possibleto build an effective field theory with a welldefined expansion in powers of energy, momentumand quark masses: chiral perturbation theory.During the last decade major progress hasbeen made in applications of chiral perturbationtheory and comparisons with accurate lowenergyexperiments. Precise measurements ofππ scattering near threshold at the BrookhavenNational Laboratory and the detailed theoreticalanalysis of these data have settled the questionof the quark condensate in the limit of vanishingup and down quark masses. Further advancescan be expected from studies of pionicbound states with the DIRAC experiment atCERN. Given the high precision that both experimentand theory have now reached, the inclusionof electromagnetic radiative correctionsbecomes an important task. This will demandclose collaboration between theory and experimentin order to succeed.Over the next decade improvements are also

                                                    

                                                    64 4. Quantum Chromodynamicsforeseen in the three-flavour sector, which includesstrange quarks. Many processes involvingkaons and η mesons have now been systematicallyanalysed. Such studies will allow examinationof the dependence of low-energy QCD dynamicson the number of flavours. They couldalso indicate whether the pattern of spontaneouschiral symmetry breaking remains the same inthe presence of strange quarks. It is thereforeimportant to investigate as many observablesas possible that depend strongly on the strangequark mass. Examples of these are the studyof η decays at WASA/CELSIUS in Uppsalaand KLOE/DAΦNE in Frascati. More precisemeasurements of various electromagnetic andsemileptonic decay form factors of the chargedand neutral kaons will provide strong tests. Differencesbetween kaon and eta properties andthe equivalent pion ones can also yield importantclues. Strange-quark mass effects on pionicobservables can be studied in this way, providinga direct equivalent of measurements of thestrangeness content of the proton.Significant progress is also expected from thepionic hydrogen measurement at PSI and theDEAR experimental programme at DAΦNE.One of the goals of DEAR is to measure theenergy shift and width of the K α line in kaonichydrogen with a precision at the percent level.This will provide a new degree of accuracy in ourunderstanding of the low-energy kaon-nucleoninteraction.Structure of the nucleonMany new insights have been gained from highprecisionexperiments exploring the low-energystructure of the nucleon and its pion cloud, primarilywith electromagnetic probes. The significantobservables can be roughly grouped intothree classes, for which we summarise a few recenthighlights:• Ground state propertiesThese are in particular form factors andpolarisabilities. At the Mainz MicrotronMAMI, the Bates Linear Accelerator Centerin the U.S. and the Amsterdam PulseStretcher (AmPS), the magnetic and electricform factors of the neutron have beenmeasured over the last years in the momentumrange Q 2 < 1 GeV 2 . These resultshint at the importance of the pion cloudin the structure of the nucleon and representa constraint for chiral dynamics. Alsoat MAMI precise values have been obtainedfrom Compton scattering of real photons(Q 2 = 0) for the electric and magnetic polarizabilities,as well as generalized polarizabilities(at Q 2 > 0) from the p(e, e ′ p)γ reaction.These results have set strong constraints onQCD-inspired models.• Baryon resonancesMeson decays and in particular electromagnetictransition rates can provide decisiveinformation on the wave functions of theconstituents of hadrons. The recent determinationof the quadrupole component inthe N → ∆ transition has already beenmentioned in Sec. 4.2.3. A particularly informativemethod for investigating the resonancesof the nucleon is the determinationof absorption cross sections in separateddecay channels, using circularly polarizedphotons on polarized protons. Thisis relevant to the Gerasimov-Drell-Hearn(GDH) sum rule. The GDH collaborationat MAMI and ELSA could measurethese cross sections for the first time, providinginsight into the first (∆(1232)P 33 ),second (N(1520)D 13 ,N(1535)S 11 ) and third(N(1680)F 15 ) resonance regions of the nucleon.The detector SAPHIR at ELSA allowednew studies of hyperon resonances andsaw indications of a new resonance in theejectile asymmetry.• Meson production at thresholdMeson production at threshold provides particularlygood tests of soft-meson physics andchiral perturbation theory. The descriptionof the production of pions from the nucleonin the p(γ,π 0 )N reaction at MAMI was atriumph for chiral perturbation theory. Itshowed that the low-energy theorem basedon tree-level diagrams gave an E 0+ amplitudeabout a factor 2 too large, whereas thenext-order loop correction could reproducethe observed amplitude. Similar results have

                                                    

                                                    4. Quantum Chromodynamics 65also been obtained for the p-wave amplitudesand the Coulomb amplitude L 0+ .The power of precision studies using electromagneticprobes at low momentum transferas described above has been demonstrated bythe experiments at MAMI and ELSA. The challengesposed for the next ten years lie in thefurther improvement of the precision and the selectionof the most significant observables. Thefirst is an experimental challenge, whereas thesecond calls for collaboration between theoristsand experimentalists.At the Mainz Microtron MAMI the maximumenergy will be increased from 855 MeV toabout 1.5 GeV. This will be accomplished bythe addition of a fourth double-sided harmonicmicrotron stage to the existing cascade of three“race track” microtrons. The construction ofthis extension is well underway and the commissioningof the upgraded machine is plannedfor mid 2004. In order to take full advantageof this upgrade two major new experimentalequipments will be installed: the SLAC CrystalBall and the GSI forward magnetic spectrometer(KAOS@MAMI).Related questions of particular interest concernthe interactions of a Goldstone boson withthe nuclear medium. Accurate data from a GSIexperiment on 1s states of negatively charged pionsbound to Pb and Sn isotopes have recentlyrevived this discussion and its implications forin-medium chiral dynamics. Such experimentswill be pursued further and extended to searchesfor quasi-bound nuclear states of kaons and ηmesons.4.2.5 QCD and nuclear matterApart from the low-energy aspects just mentioned,there are specific QCD phenomena relatedto the propagation of high-energy particlesin matter to which we now turn our attention.Colour transparencyQuantum Chromodynamics not only providesa highly successful description of stronginteractionphenomena at high energies, but italso leads to several remarkable predictions forthe interaction of strongly interacting particlestraversing dense nuclear matter.The installation of the Crystal Barrel detectorand the TAPS photon detector wall atthe ELSA stretcher ring in Bonn make this aunique facility for studying the electromagneticcoupling of baryon resonances. In particular, itcan explore the energy region 1.5 

                                                    

                                                    66 4. Quantum Chromodynamicssize and so it acts as a (white) color dipoleinteracting only weakly with the neighbouringnucleons (see Figure 4.6), an effect known asColour Transparency (CT). Although this strikingQCD phenomenon was predicted twentyyears ago, the first evidence for it emerged onlyrecently and further experimental investigationis needed.One of the difficulties in finding unambiguousevidence for colour transparency is the factthat other effects may resemble the anticipatedreduced interaction effects. If the Q 2 dependenceof ρ 0 vector meson production on nucleiis considered, for instance, the observed transparencywill not only be governed by the possibleoccurance of colour transparency, but as wellby the duration or length of the hadronic fluctuation(see Figure 4.6). Since the correspondingcoherence length is inversely proportional to Q 2 ,an increase of Q 2 shortens the coherence length,reducing the strong interactions of the fluctuationand thus mimicking the effect of colourtransparency.Nevertheless, in recent years new experimentalevidence supporting colour transparency hasbeen collected: (i) the observed A-dependenceof 2-jet production in a pion induced experiment(E791 at FermiLab) at E π = 500 GeV(A 1.61±0.08 ) is in agreement with the CT-basedprediction (A 1.54 ); (ii) the slope of the t-dependence of vector meson production measuredat HERA shows the expected reductionwith Q 2 (’shrinkage’), albeit with poor statistics,and (iii) the Q 2 dependence of of coherentρ 0 production on 14 N in fixed coherence-lengthbins observed at HERMES shows a constant risewhich is consistent with the prediction based oncolour transparency.Despite the recent progress, more data areneeded to fully establish this QCD prediction.Further experimental studies to test the colourtransparency hypothesis are foreseen at HER-MES and at COMPASS, where it will be possibleto extend the kinematic range of the measurements.Moreover, at COMPASS it will bepossible to separate transparency effects for longitudinaland transversely polarized virtual photons.Parton propagation in matterThe energy loss dE/dL experienced by partonspropagating through nuclear matter is an importantissue. Experimental information on partonenergy loss in (cold) nuclear matter canbe obtained from semi-inclusive deep-inelasticscattering on heavy nuclei. By comparing thehadron yield per DIS event on nuclei to the sameyield on deuterium, an (energy dependent) attenuationwill be observed. This hadron attenuationcan be related to the energy loss of thepropagating parton and the length of its trajectory,or – in other words – the time it takesbefore the hadron is formed.Existing knowledge about the parton energyloss and hadron formation times is extremelylimited. However, it would be very interesting toobtain experimental information on these quantitiessince they represent fundamentally newknowledge of composite systems of quarks andgluons. Moreover, quantitative information onthe parton energy loss in matter and hadron formationtimes is needed for the interpretation ofrelativistic heavy ion collisions, which it is hopedwill provide evidence for a new state of matter:the quark-gluon plasma.Experimental information on parton propagationeffects in matter can be obtained byembedding the hadron formation process in anucleus, as depicted in Figure 4.7. In the nucleus,the produced hadron will reinteract withthe surrounding nucleons, and as a result fewerhadrons will be produced. The reduction in theobserved number of hadrons depends on boththe parton energy loss and the hadron formationtime. Hence the ratio of the number ofhadrons produced on a heavy nucleus to thaton deuterium can provide information on thesequantities.Experimental information on hadron attenuationin various nuclei has recently been obtainedby the HERMES experiment at DESY.The ratio of hadrons produced on 14 N (or 84 Kr)and 2 H (normalized against the number of deepinelasticscattering events in each case), wasmeasured as a function of the fraction of theenergy transfer carried by the observed hadron.

                                                    

                                                    4. Quantum Chromodynamics 67As this fraction increases, the data show a decreaseof the rate of hadrons produced in nitrogen(or krypton) relative to deuterium. Qualitativelythis implies that fast hadrons have arelatively short formation time, leading to a relativelystrong reduction of the ratio.The data are well described by QCD-inspiredcalculations if a value of dE/dL ≈ 0.3 GeV/fmis taken for the partonic energy loss in cold nuclearmatter. This value can be compared to theenergy loss of 0.25 GeV/fm derived from recentPHENIX data on π 0 production in Au+Au collisionsat √ s = 130 GeV. If the PHENIX numberis converted to a corresponding energy lossin the initial hot stage of the Au+Au collision,a value of about 5 GeV/fm is found. Comparingthis number for hot nuclear matter with thevalue derived from the HERMES data for coldnuclear matter, it can be seen that the gluondensity (which drives the energy loss) is possiblyan order of magnitude larger in the initialphase of the Au+Au collision. This result reflectsa new synergy between two fields that usedto be essentially independent: relativistic heavyioncollisions and deep inelastic scattering.e’e~ 6 fmτ fFigure 4.7: Hadron formation in deep-inelastic electronscattering from a nucleus. A quark in one of thenucleons is hit, resulting in the formation of hadrons.Due to parton energy loss and hadron rescatteringthe number of hadrons observed will be reduced comparedto the free case.The few available data show the potential ofthis new field at the interface of deep-inelasticscattering and relativistic heavy-ion collisions.hSystematic data on a range of nuclei are necessaryfor an in-depth study of parton propagationeffects in matter. High statistics are needed toexplore the various kinematic dependences independently,and to test QCD predictions for theparton energy loss in nuclear matter. Moreover,such measurements will make it possible to carryout studies of flavour dependence by comparingdata for various hadron types (π, K and p).Strange and charmed quarks in matterAn ordinary nucleus is a many-body systemcomposed of protons and neutrons. When oneor more hyperons are implanted in the nuclearmedium a new quantum number, strangeness,is added to the nucleus, thereby opening a newdimension to the nuclear chart. Hypernuclearphysics merges isospin and strangeness into theenlarged field of flavour SU(3) many-body dynamics.The main emphasis is on the nonperturbativedynamics of u, d, and s quark systemsat finite density as realized by protons,neutrons and hyperons in a nucleus close to theground state.These exotic nuclei provide a variety of newand exciting perpectives, ranging from the explorationof nuclear structure via the singleparticlebehaviour of hyperons in the nucleusto the study of the baryon-baryon strangenesschanging weak interaction, which can be addressedonly in the non-mesonic weak decay ofhypernuclei. They can also aid the experimentalstudy of hyperon-nucleon interactions whichare, at present, still poorly known. Moreover,the study of basic properties of hyperons andstrange exotic objects like the hypothetical H-particle, which is of fundamental importancefor the understanding of QCD, can also be addressedwith hypernuclei.Hypernuclear physics has made significantprogress in the last fifteen years, mainly at BNL,KEK and COSY where it has drawn the attentionof a large community. Experimental studieson hypernuclei are continuing at different laboratoriesin the USA (JLab and BNL), in Japan(KEK), and in Europe using the DAΦNE machineat Frascati National Laboratory.

                                                    

                                                    68 4. Quantum ChromodynamicsAt DAΦNE the FINUDA experiment willexploit low-energy (16 MeV) K − particlesfrom φ decay to produce large numbers of Λ-hypernuclei by the (Kstop − ,π− ) reaction on severalnuclear targets. The momentum transferinvolved is such that the whole spectrum ofallowed hypernuclear states will be populated.The good energy resolution of 750 keV for nuclearlevels, twice as good as the best so far,will lead to a substantial step forward in hypernuclearspectroscopy. Starting in 2003, FIN-UDA will take data for the following three orfour years. Its main goal will be to studywith unprecedented precision the weak reactionΛN → NN which can occur only in a nuclearmedium. This process gives basic insights intothe strangeness changing baryon-baryon weakinteraction.For the future, kaon beams with intensitiesone order of magnitude larger than presentlyavailable could be provided by the JapaneseHadron Facility (JHF). A hypernuclear physicsprogram is also foreseen in the context theHESR project at GSI. This can lead to a detailedspectroscopic study of singly and multiplystrange hypernuclei produced in collisions ofantiprotons with nuclei.Hypernuclei are the first examples of exoticflavoured nuclei. The investigation of charmedhypernuclei, containing a charmed baryon, isan interesting option of the physics programmeof HESR at GSI. The lightest mesons carryingcharm C = ±1 are the D ±,0 states with amass of about 1865 MeV, while the spectrumof charmed baryons starts with the Λ + c at about2.3 GeV. So far nothing is known about charmednuclei and hence experimental studies of suchsystems offer new insights into the dynamics relatedto breaking of SU(4) flavour symmetry bythe large mass of the charmed quark.Another novel item in the scientific programmecovered by PANDA at HESR/GSI willbe the study of D-mesons interacting with a nuclearmedium. The D-meson is the prototype ofa heavy-light quark-antiquark system in QCD,so this project offers unique possibilities for exploringa single, localised light quark interactingwith nucleons in a nucleus and for investigatingthe resulting change of the D-meson mass inmatter.4.3 OutlookThe topics described in this Chapter demonstratethat the study of QCD and the structureof hadrons is entering a new phase. Muchnew high-precision data will become availablein the near future from existing facilities. Theseexperimental developments must be accompaniedby similar theoretical efforts. Considerableprogress can be expected on a timescale of fiveto seven years. However, it is also clear thatmany of the questions outlined here will remainunanswered without new experimental facilities.On the basis of such considerations the followinglist of recommendations has been prepared.• Maintain – and expand where necessary– the infrastructure for adequatetheoretical support in the fieldof QCD.In particular, young theorists must be encouragedby creating an adequate number ofpositions for this area of physics. Also,further substantial investments in computationalinfrastructure are required for largescalelattice QCD calculations.• Exploit the current European frontierfacilities in our field – including modestupgrades where appropriate – untilthey are surpassed by new facilities.The unique deep-inelastic scattering facilitiesat CERN (COMPASS) and DESY(HERMES-II) especially should be fully exploitedthrough measurements of the gluonpolarization, generalized parton distributionsand transversity distributions. At somewhatlower energies, the φ factory at Frascati(DAΦNE) and the new lepton beam facilityat Mainz (MAMI-C) will provide competitivemeasurements of meson and baryon structure,respectively. Lastly the existing facilitiesin Bonn (ELSA), Grenoble (GRAAL),Juelich (COSY) and Uppsala (CELSIUS)are expected to provide important data onvarious hadronic channels.

                                                    

                                                    4. Quantum Chromodynamics 69• Prepare for the construction of theHigh-Energy Storage Ring (HESR) atGSI.The planned GSI International AcceleratorFacility for Beams of Ions and Antiprotonshas been approved and will play a crucialrole in promoting our understanding of thephysics of the strong interaction. This facilitywill provide 1.5–15 GeV/c (cooled)anti-proton beams impinging on fixed (internal)targets. It will make possible searchesfor new charmonium states including hybrids(c¯cg) and also for glueballs, while improvingour knowledge of other states. Itwill also open new perspectives for exploringinteractions of charmed hadrons with nuclearsystems. It is strongly recommendedthat Europe-wide joint activities be directedtoward the construction of HESR and itsgeneral-purpose detector system PANDA.• Prepare a full proposal for a highluminositylepton scattering facility.This will be the new frontier QCD facility inthe second decade of the 21st century.Experiments at such a facility will provideprecision tests of several QCD predictionsfor aspects of hadron structure not dominatedby gluonic contributions. These includetransversity distributions and generalisedquark distributions, as well as theirevolution with Q 2 . The proposal could bebased on several recently prepared documentswhich describe how such a project could beincorporated in either existing or plannedlarge-scale accelerator facilities in Europeand in the United States.• Continue and further develop internationalworld-wide collaboration in thefield of QCD.European participation in new large-scaleprojects in both the USA and Japan is encouraged.The exchange of ideas, instrumentationand personnel between the EU,the USA and Japan will stimulate progress.Moreover, the complementarity of proposalsfor projects around the world will ensurea healthy competition without unnecessaryoverlaps.
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                                                    5. Phases of Nuclear Matter 715. Phases of Nuclear MatterConvenor: Y. Schutz (France);P. Chomaz (France), M. Di Toro (Italy), P. Giubellino (Italy), G. Raciti (Italy),D. Rischke (Germany), D. Röhrich (Norway), J. Stroth (Germany),U.A. Wiedemann (CERN)<strong>NuPECC</strong> Liaison: W. Henning (Germany), G. Løvhøiden (Norway)5.1 IntroductionExploring the nuclear-matter phase-diagramand identifying its different phases is one of themain challenges of modern nuclear physics. Thefundamental endeavour is to understand at thevarious energy scales the properties of the nuclearinteraction and its macroscopic manifestations.At low energy densities, hadronic boundstates are the degrees of freedom of nuclear matter.Their interaction is described by an effectivetheory emerging as the low energy limit ofQuantum Chromodynamics (QCD), the fundamentaltheory of strong interactions. At higherenergy densities, the degrees of freedom of nuclearmatter are quarks and gluons, interactingvia the strong force.To explore the phase diagram at energy densitiesranging from a few MeV up to several hundredsof MeV and matter densities extendingup to many times the normal density, heavy-ioncollisions are exploited to heat up and compressnuclear matter. The kinetic energies of the collisionsrange from the Fermi energy scale, O(100AMeV), through relativistic energies O(1A GeV)to ultra-relativistic energies up to O(1A TeV) ofthe future LHC collider.The strong interaction, responsible for thecohesion of matter, has been extensively studiedin the ground and excited states of the nucleus.To gain a deeper insight into the properties ofthe nuclear interaction, nuclei are excited up to apoint where they dissociate into loosely interactingnucleons. The objective of heavy-ion physicsat the Fermi energy is, in this context, to establishthe properties of the phase transition fromthe self-bound state inside the nucleus to a gasof freely streaming nucleons.The equation of state (EOS) of nuclear matterdetermines the dynamics of heavy-ion collisionsand stellar processes, such as supernovaeexplosions. Compressibility characterizes theability of nuclear matter to withstand the gravitationalpressure. It also defines the maximummass a neutron star can sustain prior to collapsinginto a black hole. This motivates to explorethe EOS at 2-5 times the ground-state densityand nonzero energy density. In this region, theEOS is governed by the in-medium properties ofbaryons and mesons.The focus of the research in the ultrarelativisticenergy regime is to study and understandhow collective phenomena and macroscopicproperties, involving many degrees offreedom, emerge from the microscopic laws ofelementary particle-physics. Specifically, heavyionphysics addresses these questions in the sectorof strong interactions by studying nuclearmatter under conditions of extreme temperatureand density. The most striking case of a collectivebulk phenomenon predicted by QCD isthe occurrence of a phase transition to a deconfinedchirally symmetric state, the quark gluonplasma (QGP).In the following, we first summarise the currentunderstanding of the phase diagram of nuclearmatter. We then review, for the variousenergy scales, the progress achieved since theprevious Long Range Plan, and we address theimplications and requirements for the future ofthe field.

                                                    

                                                    72 5. Phases of Nuclear Matter5.2 The phase diagram of nuclearmatterThe phase diagram of low temperatureand dilute nuclear matter. The short-rangeproperty of the nuclear interaction and its similaritywith the Van der Waals interaction suggeststhat nuclear matter inside the nucleus canbe described as a liquid and undergoes a firstorderphase-transition (Figure 5.1) at a giventemperature. Several effects, such as those generatedby the Coulomb or three-body forces, bythe isospin dependence of the interaction andby correlations or clusterizations, might modifythis ideal behaviour.protons) system which might lead to a richerphenomenology involving up to two densities asorder parameters. The isospin dependence ofthe EOS is essential, for example, for the modellingof neutron stars.The QCD plasma phase at vanishingbaryon density. The most reliable approachto the thermodynamic behaviour of equilibratedquarks and gluons is ab initio computer simulationsof lattice-regularised QCD at finitetemperature. These computer “experiments”support the expectation that strongly interactingmatter undergoes a phase transition inwhich chiral symmetry is restored and quarksand gluons are deconfined, two different nonperturbativeaspects of the QCD vacuum, whichoccur at exactly the same critical temperature.For the QCD plasma state at vanishingbaryochemical potential, significant theoreticalprogress was made (Figure 5.2) in recent yearsin localising the critical temperature (T c =175 ± 15 MeV) of the phase transition and characterisingproperties of the high-temperatureplasma phase. The phase transition between thehadronic and plasma phase is most likely a rapidcross over which happens in a narrow temperatureinterval of about 20 MeV. The associatedchange of the energy density by ∆ε/T 4 c ≃ 8maybe interpreted as latent heat of the transition.Figure 5.1: The caloric curve calculated for variousnuclei. The model confines the nucleus, describedby an anti-symmetrised combination of independentnucleon wave-packets, in an harmonic potential well.The plateau in the excitation energy dependence ofthe temperature is reminiscent of a first-order liquidgasphase-transition.When studied in nuclei, because of the finitesize, a first order phase transition manifestsitself through peculiar observables, such as negativemicro-canonical heat capacities or the occurrenceof large fluctuation in the partitioningof extensive quantities such as the energy.For charge asymmetric systems the phasetransition occurs in a two fluid (neutrons andRecent lattice calculations also give access toproperties of bound states immersed in the thermalisedmedium. For example, direct studies ofspectral functions now confirm the in-mediummodification of light hadron properties, previouslydeduced from the behaviour of hadronicscreening masses and susceptibilities. Detailedlattice simulations of the temperature dependenceof the heavy quark potential confirm thatcc-bound states of separation similar to the J/ψ(r ψ ∼ 0.2 fm) will already dissolve close to T c ,where their bound state energy ∼ 500 MeV becomescompatible with the average thermal energyof gluons, ∼ 3 T c . The dissociation temperatureof tighter bound (bb) heavy quark pairsis expected to lie well above T c but within thetemperature range accessible to LHC. The determinationof the characteristic temperature-

                                                    

                                                    5. Phases of Nuclear Matter 73ε/T 41614121086420SPSRHICT c = (173 ±15) MeVε c ~ 0.7 GeV/fm 33 flavour2 flavour2+1-flavourε SB /T 4LHC100 200 300 400 500 600T (MeV)Figure 5.2: The energy density calculated in QCDthermodynamics on the lattice at zero baryochemicalpotential, considering two (red symbols) and three(blue symbols) of degenerate quark flavors as well asthe physically realised quark mass spectrum (stars)of two light and one heavier (strange) quark. Arrowsindicate estimates of the initial temperaturesattained in heavy ion collisions at SPS, RHIC andLHC. The value of the Stephan-Boltzmann limit forthe energy density of an ideal quark–gluon gas isgiven on the right-side ordinate.dependent dissociation pattern of the familiesof heavy-quarks bound-states can, however, onlycome from experiment. This calls for the furtherexperimental study of charmonium productionin heavy-ion collisions at all available bombardingenergies and strongly motivates the characterisationof bottomonium states in nucleusnucleuscollisions – a physics topic for which theLHC will be unique.The phase diagram at finite baryon density.At finite baryon-number density (baryochemicalpotential µ B ≠ 0), the standardMonte-Carlo sampling techniques are not applicable.Recent theoretical progress (Figure 5.3)overcomes this problem and extends lattice simulationsof the QCD phase transition for valuesof the baryochemical potential up to µ B =500 − 800 MeV. Remarkably, the critical temperaturedecreases very mildly with increasingbaryochemical potential. Thus, statementsmade previously on the basis of µ B = 0 latticesimulations seem to apply not only at theLHC but also at RHIC (µ B ∼ 50) and even forµ B ∼ 250 attained at the highest SPS energy.T/MeV180175170165160155de Forcrand, PhilipsenFodor, KatzAllton et al.1500 200 400 600 800µ B/MeVFigure 5.3: First lattice results for the QCD phase diagramat finite baryon chemical-potential. The linesindicate a rapid cross-over transition at low µ B whichbecome first order above the tri-critical point. Theposition of this tri-critical point (indicated by therectangle on the figure) is subject to significant uncertainties.At increasing baryochemical potential, extractedfireball freeze-out temperatures fall substantiallybelow the expected critical temperature.In this region, which can be populated inheavy-ion reactions at energies of O(10A GeV),we observe a dense interacting resonance gas.The strong coupling of mesons and baryonsthrough resonance excitation leads in that caseto a modification of spectral functions of thesestates. Moreover, it was conjectured more thana decade ago that the chiral condensates shouldbe substantially reduced inside such a nuclearmedium. An observable consequence would bea modification of the mass of hadrons as theyare imbedded inside nuclei.At very high baryon densities and low temperatureeffective field theories are expected todescribe the QCD phase diagram. Quark matteris known to be a colour superconductor atvery high baryon density. Quarks form Cooperpairs due to an attractive interaction in thecolour-anti-triplet channel. The properties ofthe colour-superconducting state depend on thenumber of quark colours and flavors involved inthe pairing process. Besides these conventionalasymmetry term superconducting states, moreexotic forms of pairing have also been suggested.

                                                    

                                                    74 5. Phases of Nuclear MatterAn example is the analogue of the Larkin-Ovchinnikov-Fulde-Ferell state known from condensedmatter physics, which leads to a crystallinestructure in the colour superconductor.The study of this rich structure of the QCDphase diagram at high density can presently beaddressed only through theoretical experimentswhich will require a sizable upgrade in computerresources devoted to theory.5.3 Nuclear collisions at the Fermi energy:the liquid - gas transitionSimilarly to macroscopic systems, in a finite system,such as the nucleus, phase transitions manifestthemselves by abrupt transformations ofthe matter properties. Indeed rapid modifications,reminiscent of the liquid-gas phase transition,have been identified in heavy-ion collisionsaround the Fermi energy. At excitationenergies approaching 3A MeV, the nuclear systemfragments into intermediate-mass nuclei, anobservation correlated with the abrupt end ofbinary fission and the disappearance of heavyevaporation-residues. Simultaneously, the suppressionof collective vibrations is observed (disappearanceof the Giant Dipole Resonance inthe photon spectrum) and the fragmenting systemis subject to a collective radial expansion.At excitation energies exceeding 10A MeV thesystem vaporises into mainly protons and neutrons.Through recent progress in experiments, bycareful selections of the final state, and in theory,by understanding thermodynamics in finite system,novel observables have been defined to confirmthe occurrence of a phase transition, identifyits order and locate its position in the phasediagram. Exploiting the isospin dependence ofthe EOS offers yet another observable, still underinvestigation, of the phase transition.Decoupling observables related to the dynamicsof the collision from those related to thethermodynamics properties of nuclear matter, isa key issue we shall survey next.Dynamics and thermodynamics. In absenceof an exact description of the nuclearmany-body problem, comparison of models withexperiments to extract the EOS leads to ambiguities.One way to progress consists of selectingexperimental conditions in which well identifiedsignals probe specific transport properties(compressibility, viscosity, ...). The neck emissionof fragments observed in dissipative binarycollisions as the result of combined bulk and surfaceinstabilities provides such conditions. However,since several models, based on very differentdynamical assumptions, successfully describemulti-fragmentation observables, it wassuggested that the dynamics is dominated byfew global properties. The statistical treatmentof the remaining information might then be justified.Based on this assumption a second approachrequests selecting classes of events forwhich the dynamics are controlled by a few collectivevariables (mass, excitation energy, expansionvolume and velocity, spin, quadrupoledeformation ...), all the other degrees of freedombeing statistically distributed. It assumesthat the reaction is complex enough so that onlyfew global variables have a non trivial dynamicswhile the remaining available phase space israndomly populated. The statistical prescriptionthen applies.Caloric curve. The experimental observationof the temperature saturating over abroad range of excitation energy was presentedas evidence for a phase transition in nuclei (seeprevious <strong>NuPECC</strong> Long Range Plan report).The use of several thermometers exploiting verydifferent observables has confirmed this observation(Figure 5.4) of a rapid increase of the excitationenergy over a narrow temperature range.Such a consistency has resulted from an intensemodelisation effort in which effects (excludedvolume of fragments forming the real fluid, radialexpansion of the system, decay of excitedprimary fragments, collisional life-time ...) modifyingthe apparent temperatures have been unfolded.The measured value of the saturatingtemperature changes with the mass of the fragmentingsystem indicating that Coulomb instabilitiesmight trigger the phase transition in finitesystems.

                                                    

                                                    5. Phases of Nuclear Matter 75Figure 5.4: Caloric curves (different symbols representresults from different thermometers) measuredfor fragmenting systems with various masses. Theshaded band indicates the value of the saturatingtemperature which shows a mass dependence inagreement with the onset of Coulomb instabilities.Figure 5.5: Study of the partitioning of the Au quasiprojectileexcited in a Au + Au peripheral reactionat 35A MeV. Top: Event-by-event fluctuations of thekinetic energy in the fragmenting system measuredas a function of excitation energy and compared tothe kinetic heat-capacity deduced from the slope ofthe temperature dependence with the events averagedkinetic-energy. Bottom: Heat capacity calculatedfrom the measured kinetic-energy fluctuationsand kinetic heat-capacity.Negative heat capacity. Progress in variousfields of physics have recently shown thatin a constant-energy ensemble (micro-canonical)negative values of the heat-capacity define a firstorder phase transition. The heat capacity can bededuced from the measurement of the kineticenergyfluctuation. Negative values result inanomalously large fluctuations. The existenceof a negative heat-capacity (Figure 5.5) was observedin the excitation-energy range between 3and 6 MeV, providing the most direct indicationof a first order liquid-gas transition.Isospin distillation. The theory of phasetransitions in two-fluid systems predicts differentN/Z concentration in each phase: the liquidphase drives the system toward symmetric matterwhile the gas phase absorbs the isospin. Thisproperty can be verified by measuring in the finalstate of neutron rich systems the enhancedpopulation of 3 H with respect to 3 He isotopes.Since the isovector part of the nucleon-nucleoninteraction at sub-saturation densities favoursparticular N/Z concentrations in the fragments,the experimental determination of the isospindistribution will constrain the properties of thesymmetry term of the nuclear EOS in the lowdensity regime.Additional signals. Event-by-event fluctuationsof order parameters are much smaller(σp 2 ∼〈p〉) for an ordered phase, such as a liquid,than (σp2 ∼ 〈p〉 2 ) for a disordered phase,such as a gas. This has indeed been observed inthe measured fluctuation of the Z max distribution,the change occurring at excitation energiesof the order of 7A MeV, providing a possiblemeasurement of the energy at which the liquidgascoexistence ends.Dynamics of the phase transition: Spinodaldecomposition The existence in the nuclearliquid-gas phase of a region of mechanicalinstability, called the spinodal region, disaggregatesthe nuclear system in many fragmentsif, during the heavy-ion reaction, it stayslong enough in this unstable region. Stochasticmean-field approaches of the heavy-ion reaction

                                                    

                                                    76 5. Phases of Nuclear Matterdynamics indicate that, due to the short rangeof the nuclear interaction, the spinodal decompositionproduces fragments of nearly identicalsize and with a charge Z ≈ 12 − 15. This originalpartition is however largely modified by thesubsequent collision dynamics. Nevertheless, afossil signal was found (INDRA collaboration) incorrelation measurements of the fragments distributionas a weak enhancement in the partitionof equal size fragments of average charge equalto 15.Chronometer of the fragmentation.Thermal photons, produced through neutronprotonbremsstrahlung while the nuclearsystem is thermalizing, provide a measure ofthe maximum temperature reached by thesystem and of the duration (Figure 5.6) ofthe thermalizing phase before it breaks intofragments. A sudden drop of the durationis observed (TAPS collaboration) at a temperatureof about 6 MeV. It has also been(MEDEA-MULTICS collaboration) observedthat the thermal photon multiplicity is anticorrelatedwith the production of fragments.These two observations are interpreted by theonset of multi-fragmentation which quenchesthe production of thermal photons. The sameTime (fm/c)120100806040203.5 4 4.5 5 5.5 6 6.5 7 7.5 8Temperature (MeV)Figure 5.6: Duration of the thermalizing system deducedfrom the thermal-photon multiplicity, measuredin heavy-ion collisions at various energies andfor various entrance channels, as a function of thetemperature deduced from the slope of the thermalphotonspectrum.argument can be used in understanding thedisappearance of the Giant-Dipole Resonance.Outlook. Any progress in the understandingof the collision dynamics will require a completecharacterisation of the events allowing theirsorting and the identification of the pertinent information.This is presently not within reach ina fully unbiased way. New multi-detectors withisotopic identification up to large-mass elements,with neutron and photon detection, and withcomplete calorimetry capabilities are required.The availability of stable heavy-ion beams withenergies around the Fermi energy is needed overextended time periods. A strong theoreticaleffort must accompany the experimental programme.It must include the development ofdynamical description of nuclear reactions andthe analysis of the dynamical population of statisticalensembles.The physics of the liquid-gas phase transition,in particular, and of phase transitions ingeneral must be reconsidered when applied tosmall finite systems. The theoretical effort mustbe accompanied by an as intense experimentalwork to exploit all the resources offered by thefluctuation and correlation analysis method, toimprove final-state measurement including isotopicidentification, and to extract global characteristicsof the fragmenting system like its volumeand energy. In this context, HBT interferometryof charged and neutral particles canbe exploited to infer the space-time propertiesof the source and, through recently developedimaging techniques, its density pro<strong>file</strong>. Couplingsuch measurements for selected events to otherglobal analysis would be ideal. The search ofnew signatures of the phase transition like thebi-disaggregate-modal behaviour and scaling oforder parameter fluctuations should be pursued.Such an ensemble of new information will openthe possibility for a detailed metrology of thephase transition.To apply correlation techniques, which haveproved to be successful in disentangling variousscenarios, high statistics data and accurateevent characterisation are required. More theoreticalinvestigations must be devoted to under-

                                                    

                                                    5. Phases of Nuclear Matter 77standing correlation functions and in particularthe shape of the uncorrelated background andthe normalisation. To sign the spinodal decompositionand to learn about the properties of theEOS symmetry term, information can be gainedby varying the isospin content of the system andby experimentally identifying the isotope contentof the final state. Such a study will require anew generation of multi-detectors and the availability,for sufficiently long running periods, ofunstable neutron and proton rich beams withenergies well beyond the Coulomb barrier. Thisprogramme must be integrated in the physicsprogramme of the planned new facilities for RadioactiveBeams at high intensity.5.4 Nuclear collisions at relativisticand ultra-relativistic energies:fixed target experimentFixed target experiments at relativistic energiesexplore the nuclear phase diagram in the regionof temperatures T ≃50-100 MeV and highbaryon densities, n ≃ 2 − 5 n 0 , bringing the systemclose to the phase boundary of the quarkgluonplasma. With the ultra-relativistic energiesattained in the SPS, the QCD phase diagramwas explored at higher temperatures andsmaller baryon densities. Most recently, the SPShas lowered its beam energy to explore the intermediateregion of baryon density.The motivation to study nuclear matter athigh baryon density is three-fold: (1) to measurethe nuclear EOS, (2) to study the in-mediumproperties of hadrons, and (3) to explore possiblenew phases of nuclear matter at ultrahighdensity. For the presently existing facilities theemphasis was to study the EOS and in-mediumproperties of hadrons. In the following, we firstoutline the current status of knowledge regardingthe EOS as obtained from collective observablesand kaon production. Secondly, we discussdata for both hadronic and electromagnetic signaturesobtained in recent years, which implythat hadron properties are modified in a densemedium. Finally, we speculate on how to studynew phases of nuclear matter at low temperatureand large baryon density with the futureaccelerator facility at GSI.During the last five years of operation atSPS the various experiments have collected awealth of results which provide an unprecedentedmaturity in the understanding of the dynamicsof heavy-collisions in the regime of ultrarelativisticenergies. The data exhibit manyof the predicted signatures for a quark-gluonplasma. We first describe the latest importantexperimental findings and their interpretationand then discuss how the remaining open questionscan be answered in future fixed-target experiments.EOS from collective motion. A systematicanalysis of the particle emission patternallows conclusions to be drawn regarding thepressure created in the early phase of the collision.However, a direct extraction of theEOS from non-isotropic flow patterns is difficult,since momentum-dependent (vector) forcesand shadowing effects in semi-central collisionsalso influence the flow pattern. The elliptic flowhas emerged as the most direct signal for thepressure built up during the early phase of thecollision. The complete three-dimensional emissionpattern for protons and isotopes of lightnuclei was analysed by the FOPI collaborationfor a number of collision systems and energies.The EOS collaboration measured the excitationfunction for the elliptic flow of protons atmid-rapidity, extending the energy range fromGSI/BEVALAC energies up to 10.7A GeV. Thetrend of the measured elliptic proton flow comparedto the predictions of a BUU transport calculation(Figure 5.7) suggests a transition froma stiff to a soft EOS with a transition pointat around 4A GeV. In contrast, the analysisof the FOPI and KaoS results is in agreementwith a soft EOS at energies around 1A GeV.A conceptual problem in the interpretation ofthe data originates from the strong transversemomentum dependence of the flow signal (Figure5.7). Different transverse momentum cutoffsand dispersions in the determination of thereaction plane are sources of systematic deviationsfor different experimental set-ups. Finallythe use of very charge-asymmetric beams willshed lights on the poorly known contributionsto the isovector channel at high baryon density,

                                                    

                                                    78 5. Phases of Nuclear Matterof interest for neutron-star structure. Data onthe neutron flow will be particularly relevant.Figure 5.7: Excitation function of the proton ellipticflow at mid-rapidity measured at the AGS (full symbols).The open symbols represent results of transportcalculation in the BUU framework. Two sets ofparameters were used to study the effect of the stiffnessof the EOS. Momentum-dependent interactionswere used in both cases. In the insert, the momentumdependence of the flow signal is shown for threedifferent bombarding energies (2, 4, and 6A GeV).EOS from sub-threshold kaons production.Particle production at energies well belowthe free nucleon-nucleon production thresholdis sensitive to the EOS of nuclear matter.At a given density, a lesser part of theenergy is stored in compressional energy for asoft EOS compared to a hard EOS, and consequentlymore energy is available for particle production.In a recent theoretical interpretationof the KaoS results (low-Figure 5.8) a soft EOSis favoured. The K + multiplicity per participantnucleon in Au+Au collisions, normalisedto the respective multiplicity in the comparativelylight collision system C+C, decreases byabout a factor of two as the beam energy risesfrom 800A MeV to 1.5A GeV. A transport calculationwhich includes momentum-dependent interactionsas well as in-medium kaon potentialscan reproduce the experimental results only ifa soft EOS is assumed. It turned out that arepulsive in-medium potential of the K + mesonis essential for a good overall description of thedata.Figure 5.8: Excitation function of kaon productionin Au+Au collisions near threshold. The yields areplotted relative to the Kaon production in C+C toemphasised the density effect. The BUU transporttransport results are shown for two values of the compressibility.Modification of hadrons in dense matter.Chiral symmetry is spontaneously broken in theQCD vacuum, which leads to a nonzero quarkantiquarkcondensate responsible for the largemasses of the hadrons. It was conjectured thatthis chiral condensate should be substantially reducedas the baryon density and/or temperatureincreases. An observable consequence would bea modification of the hadron masses inside nucleior in hot and dense nuclear matter. Unfortunately,the formation of hadrons is an aspectof non-perturbative (low-energy or longwavelength)QCD, where explicit solutions arenot available. Moreover, in a hot and dense environment,the hadronic spectral functions aremodified due to interactions between varioushadronic species making up the medium. A betterunderstanding of hadron properties in a hotand dense environment is therefore one of themost important endeavours of nuclear physicstoday. Indications for in-medium modificationsof hadronic properties have been found experimentallyin two prominent cases.In-medium kaon potential. Chiralperturbation-theory predicts attraction betweenK − and nucleons and repulsion betweenK + and nucleons. As a consequence, in the

                                                    

                                                    5. Phases of Nuclear Matter 79medium, the effective mass of the K − is loweredand the K + mass is increased. The potentialbecomes stronger with increasing density andconsequently K − can be produced at a lessercost of energy as matter is compressed further.If this effect is realised in nature, it is predictedthat the interior of neutron stars could developaK − condensate by electron absorption. Thedensity at which the backward and forwardreaction rates are balanced strongly depends onthe effective mass of the kaons. The measuredtransverse emission pattern of K + mesons in thecollision system Au+Au at 1A GeV presents astrong azimuthal anisotropy which contradictsthe naive expectation that K + mesons are notinfluenced by the matter they traverse: K + areexpected to have a long mean free-path, as theycarry the anti-strange quark which cannot beexchanged with baryons. As can be inferredfrom transport calculations, this non-isotropicemission can only be reproduced if a repulsiveK + potential is assumed - the K + are literallydeflected by the dense region of the interactionzone. A final answer about the origin of thisflow signal is expected from the respective dataon K − emission.Modification of the in-medium vectormeson spectral-function. Substantial evidencefor a modification of light vector-mesonproperties in compressed and hot nuclear mattercan be deduced from the spectral distribution ofdi-lepton pairs emitted in heavy-ion collisions.A huge excess of lepton pairs is found (data fromCERES at the SPS) in the invariant mass regionbetween contributions from pion Dalitz-decayand the location of the lightest vector-mesonpole mass (between 200 and 700 MeV/c 2 ). Theexcess is established relative to contributionswhich arises from hadron decay after the collisionzone has frozen out. It can be attributedto decays out of the interacting hadron gas, oreven out of a deconfined phase. Microscopicsimulations indicate that the most probable originof these extra pairs is pion-pion annihilation.Vector dominance predicts that this annihilationproceeds through the ρ vector-meson.Simulations indicate that this process fills theregion below the vector-meson pole mass only ifthe ρ-meson mass is substantially modified. Themost exciting question arising is whether a partialrestoration of chiral symmetry is responsiblefor a modification of the rho-meson spectralfunction. At the current level of data-quality afinal decision on the origin of the enhancementcannot be made. It is important to note, however,that the surplus, quantified by the CEREScollaboration as enhancement factor, rises, withincreasing beam energy, from 2.9 ± 0.3 ± 0.6 to5.1 ± 1.3 ± 1.0 (the errors refer to statisticaland systematic uncertainties, respectively). Asthe baryon density at freeze out is smaller athigher beam energies, the enhancement mightbe linked to the presence of baryons. This isalso supported by the result of the DLS collaboration,which found a large enhancement of electronpairs in the low-mass region for Ca+Ca andC+C at 1A GeV. The exploration of this energyregime will be followed up by the HADES experiment.Nuclear Matter at High Net-Baryon Densities.The goal of future heavy-ion collisionphysics at relativistic energies is the precisemapping of the phase diagram in the region ofhigh baryon density and moderate temperature.A number of fundamental physics questions islinked to this region of large baryon chemical potential:Is the observed modification of hadronproperties in a dense nuclear medium due to theonset of deconfinement and/or chiral symmetryrestoration? Is there a phase boundary betweenhadronic and deconfined matter or is a smoothcross-over realised in nature? Is there a criticalpoint separating a cross-over transition from afirst order phase-transition? Is cold, deconfinedmatter a colour superconductor? What is theeffect of high isospin densities?Our present knowledge about the phasesof QCD relevant for nuclear collisions is summarisedin Figure 5.9. The data points representthe end points of the evolution of hot anddense matter, at which inelastic collisions betweenthe constituents cease. Their location indicatesa universal freeze-out condition of constantbaryon density. The picture illustrates thecomplementary approaches of present and fu-

                                                    

                                                    80 5. Phases of Nuclear Matterture ultra-relativistic collider experiments andnext-generation fixed-target experiments towarda better understanding of the microscopic propertiesof strongly interacting matter. Colliderswill address the physics of hot, deconfinedQCD matter. Experiments at moderate energieswill concentrate on the properties of hadrons incompressed nuclear matter, using penetratingprobes, and on mapping the QCD phase diagramto locate the critical point and the phaseboundary at large densities.temperature T [MeV]25020015010050early universeRHIC SPSAGShadron gasLattice QCDSISatomicnucleiquark gluonplasmaneutron stars0.2 0.4 0.6 0.8 1 1.2 1.4baryonic chemical potential µ B[GeV]Figure 5.9: The phase diagram summarising thepresent understanding about the structure of nuclearmatter at different densities and temperatures.The region of very high net-baryon densitiesin the QCD phase diagram is, to a large extent,Terra Incognita both experimentally and theoretically.It can be reached in heavy-ion collisionsat intermediate beam energies which createa fireball with moderate temperatures andbaryon densities several times the density of ordinarynuclear matter. The experimental explorationof this high baryon-density regime isthe main focus of one of the new GSI experiments,where nuclear matter will be created incollisions of very heavy-nuclei at energies from2to30A GeV. The key observables are electromagneticprobes which provide undisturbedinformation from the interior of the fireball and,in particular, on the in-medium properties ofhadrons. The experimental programme willbe complemented by addressing charmed andhidden-charm mesons as well as multi-strangebaryons, which have so far not been measuredin the energy regime below 80A GeV.Ultra-relativistic energies: Highlightsfrom SPS. The new results obtained fromthe more differential measurements, performedthe last five years, enabled a significant advancein our ability to substantiate the previouslyreached understanding of the dynamicalevolution of heavy-ion collisions at ultrarelativisticenergies. A common assessment ofthe data leads to the evidence that a new stateof matter has been created, at energy densitieswhich have never been reached over appreciablevolumes in laboratory experiments before andwhich exceed by more than a factor 20 that ofnormal nuclear matter. The new state of matterfeatures many of the characteristics of thetheoretically predicted quark-gluon plasma. Inaddition to the excess of low-mass dielectrons,already discussed earlier, several characteristicfeatures were established.Dynamics of the collision. The relativeabundance of hadrons in the final state of thecollision, their momentum distribution and theirspace-time distribution, are reminiscent of theearly dense stage of the collision and of its dynamicalevolution. The combined analysis ofthese observables measured by the SPS experimentsindicate that at freeze-out the fireball hasa temperature of 100-120 MeV. It expands explosivelywith velocities exceeding half the speedof light which is an indication for the existenceof strong pressure in the early stage of the collision.Flow measurements further indicate thatthe pressure builds up quickly as a result of rescatteringin the early collision stage. The statisticalanalysis of the measured relative abundanceof hadrons concludes that hadrons areproduced in a state of chemical equilibrium at atemperature of about 170 MeV, i.e. very earlyin the collision, close to the predicted criticaltemperature (Figure 5.9) at which hadrons dis-

                                                    

                                                    5. Phases of Nuclear Matter 81solve into quarks and gluons. Hadron yields thusreflect quite closely the conditions at hadronisation.Strangeness enhancement. Enhancedstrange-hadron production, with the enhancementbeing larger the larger the strangeness,has been observed (NA49, NA57 experiments)in heavy-ion collision relative to normalisedproton-proton collisions. The strangenessproductionprocess, because of the early frozenchemical composition, can only act before orduring hadronisation and is thus favoured byhigh gluon densities and reduced strange-quarkmass in a chiral symmetric quark-gluon plasma.Charmonium suppression. The heavycc pair which, at the modest SPS energy, canonly be created in a hard parton-collision duringthe initial phase of a nucleus-nucleus reactionserves as a probe of the surrounding matterat high energy-density. The evolution of aninitial pair toward its final J/ψ or ψ′ hadronicstate could be blocked if it is embedded in astate of deconfined quarks and gluons. In sucha medium, Debye screening renders colour interactionsshort-ranged, thus breaking up theco-travelling cc pairs (like any other hadronicbound states), to end up in open charm mesons.A suppression of J/ψ and ψ′ events in centralnuclear collisions was thus expected duringa dynamical evolution proceeding via a deconfinementphase. An anomalous suppressionof J/ψ has indeed been observed (NA50 experiment)in central Pb-Pb collisions at 158GeV/c (Figure 5.11) The suppression pattern,Particle / event / w. nucl. relative to pBe101p T> 0, |y-y cm| < 0.5pBe pPbPbPbΩ - +Ω +Ξ +Λ1 10 10 2 10 3< N wound>Figure 5.10: Hyperon yields per wounded nucleon inPb+Pb relative to p+Be at 158A GeV as a functionof the number of wounded nucleons. Black barsrepresent systematic errors.B µµσ(J/ψ)/σ(DY) 2.9-4.5403530252015105σ(abs) = 4.4 mbPb-Pb 1995 - publishedPb-Pb 2000 - analysis APb-Pb 2000 - analysis BPb-Pb 2000 - analysis C00 20 40 60 80 100 120 140E T(GeV)Figure 5.11: Ratio of the J/ψ production measuredin the µ + µ − channel normalised to the Drell-Yanproduction as a function of collision centrality, measuredby the total transverse energy. The solid linerepresents the normal absorption reference measuredwith high statistics in proton induced and S-U collisionsand corresponding to an absorption crosssectionof σ abs =4.4 mb. The early (1996) peripheraldata polluted by the admixture of Pb-Air interactionshave been corrected by new data (2000) takenwith the target in vacuum.showing a departure from normal absorption atE T = 40 GeV and no saturation at high E T ,is currently interpreted in the QGP scenario assequential suppression of two cc states, first the

                                                    

                                                    82 5. Phases of Nuclear Matterχ c and then the J/ψ. However some questionsregarding e.g. E T fluctuations in central collisionsare still unanswered and the identificationof χ c and J/ψ in the suppression pattern mustbe considered only tentative. In addition a fewof the non-QGP models cannot yet be ruled outby SPS data.The ideal normalisation for the study ofcharmonium suppression would clearly be theyield of charmed mesons. Until now, no directmeasurement of open-charm production hasbeen performed at SPS energies. From theyield of di-muons measured by NA50 in theintermediate-mass region between the φ and theJ/ψ mass, one would derive a considerable increasein charm production as compared to theextrapolation from p-A data. Still the existingdata are alsocompatible with an increased yield of virtualphotons. To solve this problem and finally providea direct measurement of charmed mesons inultra-relativistic nuclear collisions, a dedicatedexperiment, NA60, has been approved at theSPS.Outlook. By now there is ample evidence for a(most likely, smooth) change of hadronic propertiesinside nuclear matter as the density and/ortemperature of the surrounding matter is varied.A consistent description of the microscopicproperties of nuclear matter is, however, stilllacking. Microscopic transport codes play a keyrole in the interpretation of experimental results.In most cases they represent the onlytools to link theoretical predictions to experimentalobservables and to achieve a comprehensivepicture of heavy-ion collisions. Statisticalmodels are rather successful in describingthe bulk observables even in energy regimes andfor collision systems where true thermal equilibriumis most likely not achieved. To reconcilethese diverse pictures, the following stepsseem to be indispensable: i) Conduct further experimentsto complete a full three dimensionalmapping of particle emissions at low energies(FOPI collaboration); ii) Include off-shell transportand/or three-body forces in microscopictransport codes; iii) Systematically measure excitationsfunctions of in-medium properties usingpenetrating probes; iv) Measure specific elementarycross section to further constrain effectivefield theories; v) Systematic study of isospineffects on collective flows and particle production.The spectra of penetrating probes, such asdi-leptons and photons, yield information aboutthe early stages of the collision. They are thereforeessential for the study of nuclear matter athigh net baryon-density. The challenge of futureexperiments is to compile this informationin unprecedented detail. This comprises highresolutiondi-lepton spectra as well as the measurementof charm production with high statistics.The complexity of the reaction requiressystematic investigations of double-differentialcross sections as a function of beam energy andsystem size. These efforts have to be flankedby a common endeavour to develop furthertransport theories incorporating off-shell transportand many-body interactions. The proposedfuture accelerator facility at GSI will provideideal conditions for a second-generationmulti-purpose experiment being addressed tothe physics of highly compressed QCD matter:The high availability of an intense heavy-ionbeam up to energies of 30A GeV (lower SPSenergies) would allow high-rate measurements;The maximum energy reaches above the productionthreshold for charm, lepton pair spectroscopycould thus be complemented by the detectionof charmonium and mesons with opencharm. We fully support the strategy outlinedin the Compressed Baryonic Matter (CBM) proposalto combine HADES with a new set-upto form a universal detection system coveringa beam energy region from 2 to 30A GeV wellsuited to create and study highly compressednuclear matter.5.5 Nuclear collisions at collider energiesNucleus-nucleus collisions at collider energiesexplore the properties of dense matter closeto vanishing baryochemical potential. At thehigh centre-of-mass energies of √ s NN < 200GeV at RHIC and √ s NN =5.5 TeV at LHC,

                                                    

                                                    5. Phases of Nuclear Matter 83these collisions yield a rich variety of so-calledhard non-equilibrating probes which are producedin the first fm/c of the collision. Beyondmerely establishing signatures for its existence,the medium-dependence of these hardprobes provides an unparallelled possibility fora detailed quantitative study of the transientpartonic state. To make full use of these possibilitiesrequires sufficient integrated luminosityat collider energies to analyse very rare hardprobes as e.g. bottomonium production or Z-production in nucleus-nucleus collisions. Moreover,for the interpretation of these observablesone needs to calibrate the medium-dependenceof hard probes with respect to their unmodifiedbehaviour. This requires for benchmark measurementsin p − p and p − Acollisions at comparable√ s NN , and systematic scans in energy√sNN and nuclear size A.Highlights from RHIC. In June 2000,ultra-relativistic heavy-ion physics entered thecollider era when Brookhaven National Laboratory’s(BNL) Relativistic Heavy Ion Collider(RHIC) reported the first collisions between goldnuclei at centre-of-mass energies of √ s NN = 130GeV. Since 2001, a comprehensive set of data iscollected in collisions at the design luminosityand energy, √ s NN = 200 GeV (a factor of tenincrease over the maximum energy attained previouslyat CERN-SPS) including reference measurementsin p − p and d − A collisions. FutureAu-Au runs plan to accumulate sufficient luminosityfor the detailed study of leptonic and rarehadronic observables such as the spectra of dileptons,direct photons and J/ψ.The data obtained in central Au-Au collisionsindicate that an almost baryon-free andthermalised medium is formed with energy densitiesexceeding the critical energy-density predictedfor the QCD phase transition.Particle multiplicities. The maximumenergy-density is deduced from charged-particledensity and transverse-energy density measuredin the central rapidity region. Figure 5.12 showsthe charged-particle rapidity density measuredover a broad center-of-mass energy. When comparedto the particle density measured in p − pcollisions, a sizable medium effect is revealed inA − A collisions. This observation is an indicationof the occurrence of multiple scatteringswhich thermalised the medium. The densityN ch / (0.5×N part. )151051PHOBOS 200 GeVRHIC comb. 130 GeVPHOBOS 56 GeVNA49 (SPS)E866/E917 (AGS)UA5CDF10 100 1000√s (GeV)⎥ y⎥ < 0.5A eff= 170ALICE10000Figure 5.12: Charged-particles rapidity density perparticipant pair as a function of centre of mass energyfor A − A and p − p collisions. Lines show differentparametrization of the energy dependence, being logarithmic(dashed line), square logarithmic (solid anddotted lines) or power law (long-dashed line). Thearrow indicates the nominal LHC energy.reached at RHIC is about a factor two higherthan the one measured at SPS. Yet, it is wellbelow extrapolations performed from SPS measurements,reflecting that there exists no firstprinciplecalculation of this observable. Indeed,extrapolation from the RHIC to LHC energies,i.e. over more than one order of magnitude, canonly be indicative.Hadrochemical Composition. Thebaryon to anti-baryon ratio measured at RHICis close to unity, a factor more than ten timeslarger than the one measured at CERN-SPS.Fits of a thermal model of statistical hadroproductionto many measured particle yieldsand baryon-to-anti-baryon ratios, lead tothe conclusion that the chemical freeze-out(Figure 5.9) takes place at a temperatureT ≈ 175 MeV and at a baryochemical potentialµ B ≈ 30 MeV, i.e. at the phase boundarybetween confined and deconfined matter. Thisinterpretation of the data indicates that the

                                                    

                                                    84 5. Phases of Nuclear Mattermedium formed early in the heavy-ion collisionsis close to the QCD vacuum heated at temperatureswell beyond the critical temperature.However, it should be emphasised that suchan analysis does not provide a direct test ofthermalisation, since the model relies only onthe assumption that dynamical constraints arenegligible and that multi-particle phase spaceis filled uniformly according to the principle ofmaximum entropy.v 20.10.080.060.040.0200 0.2 0.4 0.6 0.8 1n ch/n maxCollectivity. Elliptic flow, which describesthe azimuthal asymmetry of particle productionin semi-central collisions, is sensitiveto the degree of thermalisation achieved in thesystem. It builds up through re-scattering inthe evolving system which converts the spatialanisotropy in the entrance channel into momentumanisotropy. The rapid expansion ofthe hot system destroys the original anisotropyand quenches the build up of the momentumanisotropy. Therefore elliptic flow is particularlysensitive to the early stage of the collision.The surprisingly large elliptic flow measured atRHIC saturates the predictions of the hydrodynamicalmodel for a wide range of momenta, below2 GeV/c, and particle types. This behaviouris an indication that a high degree of local thermalisationis reached at early times followed bya collective hydrodynamic expansion.Hard Probes. At RHIC, thanks to thehigh centre-of-mass energy only attainable withcolliders, a new probe has become available:high transverse momentum hadrons. Thesehadrons are created through the fragmentationinto jets of partons scattered, through hard processes,in the initial stage of the heavy-ion collision.Such fast moving partons are a particularlyinteresting probe of hot nuclear matter:they are expected to have larger energy loss ina medium of deconfined colour charges than innormal nuclear matter. This energy loss wouldin turn be visible as a reduced yield (a quenching)of high momentum hadrons in central A−Acollisions. The effect was indeed observed (Figure5.14) at RHIC. This observation indicatessubstantial energy loss of the final state partonsv 20.20.180.160.140.120.10.080.060.040.0200 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2p t(GeV/c)Figure 5.13: Top: Elliptic flow as a function of centrality.The open rectangle show a range of valuesexpected in the hydrodynamic limit. Bottom: Ellipticflow as a function of transverse momentum forminimum bias events. STAR data.or their hadronic fragments in the medium generatedby high energy nuclear collisions.The production of jets has been furtherdemonstrated in angular correlations of hightransverse-momentum hadrons through the observationof enhanced correlations at ∆φ ∼ 0and ∆φ ∼ π. The strong reduction of the backto-backcorrelations observed in the most centralheavy-ion collisions indicates significant interactionof hard scattered partons or their fragmentationproducts as they traverse the mattercreated in the collisions.The future at the LHC. The LHC is nowscheduled to start operation in 2007. The accelerationof nuclear beams is part of the ini-

                                                    

                                                    5. Phases of Nuclear Matter 85Figure 5.14: Evolution with hadrons transverse momentumof the nuclear modification factor, definedas the ratio of the hadron yields in nucleus-nucleusand the yield in nucleon-nucleon interactions scaledby the equivalent number of binary nucleon-nucleoncollisions which accounts for the collision geometry.tial programme: a pilot run is foreseen for thefirst LHC year, and a run of typically 10 6 secondsof useful beam time is planned once a year.The LHC will provide Pb ions at a centre-ofmassenergy of 5.5 TeV per nucleon, which representsa jump of a factor 30 with respect to theRHIC energy. It will therefore lead into a radicallynew energy region, previously reached onlyin the interactions of the highest energy cosmicrays. The construction of the experimentsis advancing rapidly, in order to be ready withthe apparatus fully commissioned at the startof the beams. Four experiments will operate atthe LHC. Of these, one, ALICE, will be dedicatedto Heavy Ions, another one, CMS, is dedicatedprimarily to pp but features a well definedHI programme, a third, ATLAS, has expressedan interest in running with Heavy Ions. Beingthe only dedicated experiment for the study ofnuclear collisions at the LHC, ALICE is essentiallya Heavy Ion Programme which covers, inone experiment, the full range of relevant observablesin Heavy Ion collisions. CMS, on theother hand, is optimised for the study of hightransverse momentum processes, and will thereforefocus on these observables only. The experimentalprogramme with Heavy Ions at theLHC foresees runs with Pb-Pb, proton-nucleus,and lighter ions (probably Ar-Ar). The LHCwill provide every year a few weeks of runningwith nuclear beams, as the SPS did in the past.Heavy Ion collisions at the LHC will provide aqualitatively new environment, with ideal conditionsfor the study of the QGP. The higherenergy will improve all parameters relevant tothe formation of the QGP: energy density, sizeand lifetime of the system will all improve bylarge factors, typically an order of magnitude.The initial temperatures will largely exceed thecalculated critical temperature for QGP formation,therefore allowing the study of QGP in itsasymptotic ideal gas form. In the central regionthe net baryon number density will essentiallyvanish, further improving relative to RHIC theease of comparison with lattice QCD calculationsand the closeness to the conditions of theprimordial universe.Even more important, though, will be thepossibility to exploit a wider set of relevant observablesas compared to previous accelerators,thus substantially enhancing the understandingof the properties of the system. First of all, thehigher energy and high luminosity will improveaccess to the hard probes sensitive to the earlieststages of the medium. The study of jet productionand therefore of the propagation of fastpartons will find at the LHC its ideal environment,allowing the study of the jet fragmentationfunctions up to well over 100 GeV/c of Jetp T . The excellent particle identification capabilityand good coverage in transverse momentumof ALICE will allow the detailed study of thefragmentation functions. The study of the jetrecoiling against a photon will enable the fastparton energy loss to be measured. The studyof the heavy quark potential will benefit fromthe possibility to measure both the charmoniumand bottomonium families, which provide a widerange of radii and binding energies, and of measuringin the same experiment the productionof open charm and beauty mesons, and even ofthe contribution of B meson decays to the J/ψyield. The temperature of the medium shouldbe high enough to allow a precise measurementof the direct photon spectrum, which would bea thermometer of the early phase of the system.In addition to the new insight provided by

                                                    

                                                    86 5. Phases of Nuclear Matterthe hard probes, collisions at the LHC will featurevery high multiplicities, allowing the measurementof a large number of observables on anevent-by-event basis: impact parameter, multiplicity,particle composition and spectra andHBT parameters of the system. Therefore singleevent analysis, and in particular the study ofnon-statistical fluctuations associated to criticalphenomena, can be effectively peformed at theLHC.To address in a comprehensive way the fullset of relevant observables, ALICE has expandedalong the years the scope of its apparatus. Tothe original central detector, providing excellenttracking and PID for hadrons and limited leptonidentification, first a forward muon arm, thana barrel TRD have been added, allowing a fullspectrum of lepton measurements. A High LevelTrigger is being developed to enhance the sensitivityto low-cross section processes, and a largeareaElectromagnetic Calorimeter is being proposed.The value of the magnetic field in thecentral magnet has also been increased for thebulk of the running time to 0.5 T. This change,combined with the additional lever arm providedby the TRD, allows ALICE to measure momentawith good precision up to the highest values oftransverse momentum relevant for Jet Physicsin Pb-Pb at the LHC, given the available luminosity:close to 10% at 100 GeV/c. Contextually,the performance of the detector has beenreassessed and a specific Physics PerformanceReport is in preparation.At the moment, all of the ALICE subdetectorshave successfully completed the R&Dphase, reaching performances often exceedingthe design goals. The technological developmentscarried on during this development phasehave been formidable, and are already findingnumerous applications in other Nuclear Physicsexperiments but also in different fields of appliedphysics. The present challenge for thecollaboration is the construction and commissioningof the apparatus. While the individualsub-detectors are entering the productionphase, an enormous effort is demanded from theparticipating institutions to carry on the constructionand commissioning effort. In order toreach the 2007 date with a detector fully operationaland debugged at the system level, the relentlesscommitment of both the experimentersand their institutions will be needed throughoutthe next five years. Contextually, the softwareand more generally computing tools necessary toanalyse the enormous data volumes produced atthe LHC are being developed, and will require adedicated effort in the coming years.Computing requirements. The evolution ofthe particular field in nuclear physics whichstudies the phases of nuclear matter requireslarge amounts of computing resources and will,within the next five years, require unprecedentedlarge amounts. The type of resources aredifferent if the theoretical needs or the experimentalneeds are considered. However, with thefuture deployment of GRID middle-ware, whichwill enable to federate many of the resourcesavailable to the discipline around the world, therequired needs could be satisfied, but only withadditional national and regional computer fabrics.The increasing sophistication introduced inthe modelling of heavy-ion collisions at any energy(stochastic transport models, collision simulationsstarting from first principle) and the applicationto the real-world of QCD calculations(lattice QCD with finite quark masses, finitebaryonic number and finite temperature) are increasinglyCPU time greedy but produce onlysmall amounts of data. Large farms, super calculators,massively parallel calculators are typicallythe type of computing resources the applicationsin theoretical nuclear physics needs accessto.The amount of data which will be collectedby the ALICE experiment requires, onthe other hand, storage capacities which will exceedby orders of magnitude the largest particlephysicsexperiment (BaBar) presently in operation(from Tera bytes to Peta bytes). The increasein CPU needs is comparable both for dataprocessing and the production of Monte-Carlodata. These needs can only be met by federatingmany of the resources available throughoutthe world for the heavy-ion physics programme.

                                                    

                                                    5. Phases of Nuclear Matter 87We recommend strongly that <strong>NuPECC</strong> supportsthe existing programme and new initiativesaiming at the deployment of GRID kind ofprojects. Although the demands of theory andexperiment are not contradictory and could inprinciple be satisfied using the same approach,we recommend new initiatives toward dedicatedcomputing facilities for theory computation.Outlook. Heavy-ion collisions at the LHC willbe the future of the ultra-relativistic heavy-ionprogramme in Europe. It is of utmost importancethat the significant investment made atLHC will be exploited fully and without any sacrifice.The highest future priority is, therefore,the completion of the ALICE detector and theexploration of the heavy-ion physics capabilitiesof the CMS and possibly ATLAS detectors. Thisrequires the full commitment of the communityand its resources, especially in the critical yearsof construction.Heavy-ion physics at collider energies addressesa combination of luminosity-dominatedand systematic-dominated questions. It isclearly indispensable for the success of the LHCheavy-ion programme that ion beams of sufficientintegrated luminosity and sufficient varietyare provided. We strongly urge, therefore,taking all necessary steps for delivering Pb ionbeams in year one of LHC running, and to accumulate≈ 1nb −1 of Pb+Pb data ( equivalentto one month running at design luminosity) atthe earliest possible time to establish e.g. jetquenching observables out to E T ≃ 200 GeV.The study of rare processes such as the productionof bottomonium states will require significantlyhigher integrated luminosity during thesubsequent years. Moreover, we consider it compulsoryto establish bench-mark results for comparisonby studying p − p and p − A collisionswithin the first four years of LHC running. For afull systematic study, we further emphasise theneed for several lighter ion beams.The LHC heavy-ion programme has an unparallelledopportunity to go qualitatively beyondthe physics done at RHIC in particularby studying hard processes embedded in matterat extremely high energy-densities. Westrongly support, therefore detector upgradeswhich improve the physics capabilities of ALICEat high transverse momentum. This includesin particular the completion of the TransitionRadiation Detector, the addition of an electromagneticcalorimeter for jet measurements,and the development of new technologies andanalysis methods for extending high-momentumparticle-identification beyond p T ∼ 5 GeV.The Relativistic Heavy Ion Collider (RHIC)in Brookhaven has produced exciting resultswithin the first two years of running. A furtherEuropean participation in RHIC and theparticipation in a possible RHIC upgrade wouldbe reciprocated by a comparable participationof US groups in the LHC heavy-ion programme.5.6 General outlookThe LHC heavy-ion programme will become amajor endeavour of nuclear physics and placeEurope in a world leadership role in nuclearscience. Full support must be given to ensurethe readiness of the machine to deliver heavyionbeams in the first year of operation, and toguarantee the timely completion of the ALICEexperiment, presently in its construction phase.We strongly support the construction of thefuture high luminosity synchroton facility at GSIand the full exploitation of its high-energy option.We recommend a vigorous R&D aimingat the construction of a high rate detector systemdedicated to the exploration of compressedbaryonic matter.For the Fermi-energy domain we recommendthat the community has continuous access to theradioactive-beam facilities with improved detectionsystems to prepare an unique scientific programmeat the future EURISOL and GSI facilities.Theoretical support is crucial for progressin nuclear physics. Additional funding for nucleartheory at the national and European levelshas to accompany the significant investment intolarge experimental programmes. Career perspectivesmust be given to young researchers.The study of the phase diagram of nuclear

                                                    

                                                    88 5. Phases of Nuclear Mattermatter will require unprecedented computing resourcesto cope with the huge amount of data expectedand with the complexity of the nuclearmany-body problem. We recommend that computinginfrastructure is adequately supported.We recommend that sustained support forfacility operations and limited detector upgradesis provided to ensure the continuous exploitationof the existing facilities at all energies.

                                                    

                                                    6. Nuclear Structure 896. Nuclear StructureConvenor: P. Van Duppen (Belgium);F. Azaiez (France), B. Blank (France), G. de Angelis (Italy), J. Dobaczewski(Poland), H. Emling (Germany), K. Heyde (Belgium), M. Leino (Finland),E. Moya de Guerra (Spain), D. Warner (United Kingdom)<strong>NuPECC</strong> Liaison: K. Riisager (Denmark), M.N. Harakeh (The Netherlands)6.1 Introduction: why study thestructure of an atomic nucleus?At the heart of all atoms that make up our universelies the atomic nucleus: a minute systemwith a well-defined number of protons (Z) andneutrons (N). Although of negligible dimensionin terms of size - the radii of the atom and itsnucleus differ by four to five orders of magnitude- the atomic nucleus accounts for over 99%of the mass of the atom and of all visible massin the universe. Understanding its properties,which is the final goal of nuclear-structure research,is therefore central to the global fundamentalresearch endeavour in which our societyis involved.The atomic nucleus is a unique laboratoryfor studying different fundamental physics phenomena.It is made of a finite number of stronglyinteracting fermions and its properties are governedby the interplay between the electromagnetic,weak and strong interactions. As such thenucleus exhibits several features like few- andmany-body phenomena in their broadest senseand the way the fundamental interactions manifestthemselves inside the atomic nucleus. Microscopicas well as mesoscopic features drivenby effective two-body and eventually three-bodyforces, that depend on distance, angular momentumand density, and by effective degreesof freedom can be studied in this quantal laboratory.The experimental determination ofthe properties of the atomic nucleus in additionto the theoretical modeling of the systemhave major implications for the understandingof other quantal systems such as Bose-Einsteincondensates, metallic clusters and high-T c superconductors.Few-body models widely usedin atomic and molecular physics, various astrophysicsquestions like nucleosynthesis scenarios,fundamental interaction studies and the standardmodel, as well as numerous applicationsall benefit from the study of nuclear structure.In the past the nucleus has provided us withsurprises and challenges every time new and ingeniousdetection techniques and more advancedaccelerators were introduced along with the developmentof new theoretical models. Nevertheless,most of our present-day understanding ofnuclear structure and of the way protons andneutrons “stick” together under the influenceof the strong nucleon-nucleon force derives fromthe study of a rather small “patch” in the (Z,N)plane of atomic nuclei at quite low values of excitationenergy and rotation (or spin), and fromthe study of a limited number of open decaychannels, be it natural decay or induced via nuclearreactions. However, our field now standson the verge of a new era of radioactive beamphysics and innovative experimental techniques.Radioactive ion beams (RIB) and the related developmentsin instrumentation will lead us intothe unknown territory of the nuclear chart allowingunprecedented studies.The strategy as how to learn more abouthow the nucleons are organised inside the nucleusand to discover a number of simple modesof motion has been based on two general approaches:(i) the system can be taken apart intoits constituents (studying the ways in which unstablenuclei decay by emitting particles or photonson their way back to stability) or (ii) usecan be made of external fields (electromagnetic,

                                                    

                                                    90 6. Nuclear Structureweak and strong probes) to observe how the systemresponds. These two methods have revealedsome of the essential degrees of freedom activeinside the nucleus by investigating the variouseigen-frequencies with which the nuclear manybodysystem resonates. This general researchstrategy will not be altered, however, the availabilityof new beams and instrumentation, aswell as innovative theoretical developments willdeepen our understanding of a number of longstandingissues (see box “Long-Standing Questions”)while at the same time we expect to encounternew surprises and challenges.Our current understanding is briefly reviewedfrom a theoretical point of view, afterwhich some experimental achievements from thelast five years are presented. The current statusand future developments of the instrumentationand facilities then lead finally to the conclusionsand outlook.6.2 The current understanding of theatomic nucleus“From QCD over ab-initio calculations to localand global models”.Our knowledge of nuclear-structure is mainlybased on the properties of nuclei in the neighbourhoodof the line of β-stability and theirproperties are reasonably well described by variousmodels. Recent developments starting fromthe bare nucleon-nucleon interaction and basedon first principles result in a successful descriptionof light nuclei (A ≤ 10), including thosewith extreme proton-to-neutron ratios. However,a number of the basic ingredients are stillnot fully understood.During the last decade, significant progresshas been made both experimentally and theoretically.The field of RIB has allowed us tomove away from the line of stability and gofrom a one-dimensional picture (mainly A asparameter) to a two-dimensional picture (withN and Z as parameters). First results indicatethat extrapolations of our current understandingbased on smoothly varying protonLong-Standing QuestionsAtomic nuclei are quantum systems with afinite number of strongly interacting particlesthat exhibit different degrees of freedommanifesting themselves in many ways. A richspectrum of microscopic and mesoscopic phenomena,including few-body and many-bodyeffects and ranging from QCD “free-nucleon”interactions to “in-medium” effective interactions,can be studied. Nuclear-structure researchaims at understanding and predictingthe properties of the atomic nucleus, to learnthrough its modelling about the underlyingphysics concepts and to extract the simplebasic ingredients. The crucial, often longstanding,questions are:• What are the limits for existence of nuclei?Where are the proton and neutrondrip lines situated? Where doesMendeleyev’s table end?• How does the nuclear force depend onvarying proton-to-neutron ratios?• How to explain collective phenomenafrom individual motion?• How are complex nuclei built from theirbasic constituents?and neutron numbers, angular momentum or excitationenergy fail. This failure is of a fundamentalnature due to the unique character ofthe problem and not simply due to the use of awrong set of parameters or an oversimplified approximation.The nucleus is a finite, many-bodysystem whose constituents interact via a stronginteraction that cannot be treated in a perturbativeway and where in general, the small numberof nucleons in the nuclei does not allow the useof statistical methods available in other fields.Thus, the atomic nucleus is one of the richestbut at the same time one of the most challengingquantal systems in nature.Despite these challenges, however, concertedresearch efforts over recent years have identifiednew routes that might lead to a more completeand accurate description of the atomic nucleus.

                                                    

                                                    6. Nuclear Structure 91The “Basic Truths” RevisitedWhat we have learned over the last decade ofresearch on exotic nuclei forces us to revisesome of our “basic truths”. These were deducedfrom intensive studies of stable nuclei,but it has become clear that stable isotopesdo not exhibit all features.• Nuclear radii don’t go as A 1/3 .For all stable isotopes the density in theatomic nucleus as well as the diffusenessof the surface are nearly constant. Explorationsinto the far-unstable regions ofthe nuclear chart have convincingly shownthat the diffuseness, and thus the radii ofthe atomic nuclei, vary strongly.• Magic Z and N numbers depend on N andZ, respectively.Shell gaps seem to shrink or disappear,and new ones appear when leaving thevalley of stability. Also, experimental evidencefor new deformed magic numbersis now available.• Many more bound nuclei exist than anticipated.The neutron drip line is much further outthan anticipated twenty years ago. Theimportance of nucleon correlations andclustering that create more binding forthe nuclear system has been underestimated.They have also forced us to review what we consideredto be of as our basic understanding ofnuclear structure (see box “The “Basic Truths”Revisited”). One of the most fruitful avenues forelucidating specific aspects of the nuclear interactionand dynamics has proven to be the studyof nuclei under extreme conditions be it isospin,proton-to-neutron ratio, excitation energy or angularmomentum. This will enhance or suppresscertain components of the interaction. Experimentalstudies of these extremes will not onlyprovide firm guidance for the development oftheoretical models, but they will certainly uncoverexciting new phenomena.It is of vital importance to our complete understandingof nucleonic matter and hence ofthe fundamental laws and interactions of naturethat we explore the limits of nuclear stabilityand invest in the new experimental facilities (accelerators,detectors, data acquisition, computingpower. . . ) and new theoretical developmentsnecessary to achieve this aim. The ultimate goalof nuclear-structure research is to construct aunified theory of nuclear matter and finite nuclei,from strongly bound stable nuclei to weaklybound highly unstable ones, from the very lightfew-body systems to super-heavy nuclei.6.2.1 The nucleon-nucleon forceThe nucleus is a typical example of a selfboundsystem. The case of atoms, in whichthe electronic motion is largely dictated by theirCoulomb interaction with the atomic nucleuscontrasts with atomic nuclei where the weak,electromagnetic, and strong forces are at play.This results in complexities and regular structures.Today we adopt QCD as “the theory”of the strong force. It has been conjecturedthat - much like molecules interact through aneffective force resulting from the fundamentalelectromagnetic interaction between their constituentelectrons - nucleons interact by an effectiveforce whose origin is in the QCD interactionbetween their quark-gluon constituents.More details on this topic are presented in thechapter on QCD.An improved understanding of the effectivenuclear interaction is a major goal of contemporarytheory of systems of strongly interactinghadrons. The effective nucleon-nucleon interactioncan, in principle, be derived from the barenucleon-nucleon force. Compared to the freetwo-body nucleon-nucleon interaction, whichcan be fairly well determined from scattering experiments,the effective interaction must absorbthe following four physical effects:• Presence of a short-range repulsion whichrequires a complete non-perturbative treatmentof the two-particle problem.• Many-body interactions

                                                    

                                                    92 6. Nuclear Structure• Modification of the interaction by themedium of nucleons in which it occurs.• Reduction of the available phase space infree nucleon-nucleon scattering when comingto the bound many-body states because ofPauli-blocking.Based on the symmetry-breaking patternsof QCD at the low-energy and momentumscales relevant to nuclear physics, new conceptualframeworks are being developed using theeffective field theory approach and advancedmethods such as renormalisation group techniques.Establishing the connection betweensuch advanced theoretical approaches and thevast amount of quantitative phenomenologicalknowledge that has been gained about the nuclearmany-body problem, is an important taskfor the near future.In many applications one uses phenomenologicaleffective interactions fitted to experimentaldata. Such approaches are very successful,showing that the concept of an effective interactionapplies considerably well to atomic nuclei.In particular, one may use the effective interactioneither in microscopic mean-field approximationsor in shell-model diagonalisations (seesection 6.2.4. The strong links, which exist atpresent between experiment and the approachesusing effective interactions, call for an extensionto the study of nuclei far from stability as thisprovides in fact one way of establishing the propertiesof the effective interactions. Moreover, thematter at the nuclear surface characterised bystrong density gradients becomes more diffuse indrip-line systems where clusterisation and specificcorrelation effects might show up (see Figure6.1) where pairing in infinite symmetric nuclearmatter is discussed).6.2.2 Nuclear reactionsThe past decade has witnessed a resurgence ofinterest in modelling direct nuclear reactionswhich has been almost entirely due to the adventof RIB, and in particular to the discoveryof halo nuclei. Many standard theoretical toolsused in reaction models have been found to beE pair (ρ) (MeV )0-0.4-0.8-1.2ρ (fm -3 )0.02 0.06 0.10 0.14 0.18equilibriumdensityFigure 6.1: The pairing-energy density per nucleon,obtained by solving the momentum-dependent BCSgap equations self-consistently with the singlet-evenpart of the free-space Bonn NN-potential, is shownas a function of the density of nuclear matter. Thelocation of the maximum at about 1/4 of the saturationdensity shows that pairing is a low-density phenomenonand that it becomes increasingly importantin weakly bound halo and skin nuclei.unreliable for the description of reactions involvinglight exotic nuclei produced in RIB. An earlyexample of this was the realisation that even fora simple quantity such as the matter radius ofhalo nuclei the few-body degrees of freedom ofsuch quantum systems have to be taken into account.In addition to this, approaches such astime-dependent techniques, both perturbativeand non-perturbative have been further developed.An important issue regarding reactions isthe interplay between the nuclear and Coulombinteractions and how these can be treated consistentlywithin the same model.In general, nuclear-structure information inmany reaction models enters in the form of“overlap functions”. Therefore, how these quantitiesare calculated depends on the approximationsmade along the way in reducing themany-body problem to a more manageable one(-or few)-body one. Theorists are apprehensiveabout issues such as energy dependence andnon-locality that appear in the equations as aresult of this reduction.Transfer reactions, like for example pairtransferreactions, fusion reactions and Coulomb

                                                    

                                                    6. Nuclear Structure 93Electromagnetic probes of exotic light nucleiare expected to be complementary to those fragmentationreactions involving the strong interaction.New experimental facilities planned forelectron-radioactive beam colliders at RIKENin Japan and GSI in Germany, will providenovel ways of studying the structure of light exoticnuclei through elastic and inelastic electronscattering, knockout and electroproduction reactions.Theoretical support in this area willtherefore be vital.From a purely theoretical point of view, amajor challenge is to incorporate into reactionmodels sufficiently detailed microscopic informationabout the internal structure of the interactingnuclei. For example, applying the clusterdecomposition of the many-body wave functiondescribing light exotic nuclei in few-body reactionmodels, in which antisymmetrisation can befully taken into account, will be of great interest.6.2.3 Few-nucleon systemsFigure 6.2: Absolute fusion-fission cross sections asa function of bombarding energy for 4 He (full andempty blue squares) and for the light halo nucleus6 He (red dots) on 238 U are shown. The strongenhancement of the 6 He cross section below theCoulomb barrier is believed to be due to a neutraltransfer reaction.excitation will be vital for studying the structureof exotic nuclei (see Figure 6.2 and box “FirstResults from SPIRAL and REX-ISOLDE”). Unlikehigh energy knock-out reactions, that haveproven to be an excellent probe of single-particlecomponents in the nuclear wave function, lowenergy transfer reactions often involve complicatedreaction mechanisms in which coupling tointermediate channels must be incorporated intothe calculations. It will therefore be a challengeto extract reliable and detailed structure information.Also, results of experiments with polarisedenergetic beams of radioactive nuclei willbe of considerable interest in the future and severaltheoretical reaction models are being developedin anticipation.In studying light systems, composed of just a fewnucleons, the bare nucleon-nucleon force couldbe used to pursue an ambitious programme ofdetermining nuclear properties using recentlydeveloped many-body theories. These methodsinclude Variational Monte-Carlo (VMC) andGreen’s Function Monte-Carlo (GFMC) allowingthe first fully microscopic calculations basedon realistic interactions supplemented by threebodyforces. With a view to the study of verylight and few-nucleon systems, another line ofapproach is the large-basis no-core shell-model(LBSM) which attempts to demonstrate thatthe shell model combined with a microscopic effectiveinteraction is capable of providing goodagreement with the experimental properties ofthe ground state and low-lying excited states.These state-of-the-art calculations are very successfulin describing the structure of bound lightnuclei up to mass 10 and important lessons havebeen learned from this pioneering work. Forexample, the VMC-plus-GFMC calculations formass A=6 systems do produce an alpha-like coreobject and, the description of nuclei beyond deuteriumrequires a three-body component for thenuclear force. Recent progress in extractingthese three-body forces using chiral perturbationtheory has been made.Unbound nuclei, e.g. 7 He, still constitute achallenge due to the importance of the continuum.In the context of mass A=8 and 10 systems,the LBSM approach is hampered by theuse of shell-model single-particle wave functionswith incorrect asymptotics. It is clear that theshell model, used that way, will encounter some

                                                    

                                                    94 6. Nuclear Structure)LUVW 5HVXOWV IURP 63,5$/ DQG 5(;,62/'(Recently, two new ISOL-based radioactive ion-beam facilities have produced their first results. Post-accelerated radioactive ionbeams were produced at GANIL and at CERN. Although very different concepts were used to produce the beams, these results,together with those obtained at ORNL (U.S.A.) and TRIUMF (Canada), prove convincingly the feasibility of the ISOL method toproduce high-quality radioactive ion beams and to use them in conjunction with highly segmented germanium-arrays.Coulomb excitation76 Kr + 208 Pb → 76 Kr *One-neutron transfer30 Mg + 2 H→ 31 Mg * + 1 Hcountscounts16 Nenergy (keV)energy (keV)At the SPIRAL facility of GANIL, radioactive beams of helium,neon and krypton isotopes were produced through beamfragmentation and after ionisation in an ECR ion source weresubsequently accelerated in a cyclotron. Coulomb-excitationmeasurements of 76 Kr(T 1/2=14.6 h) were performed with abeam of 500,000 particles per second and beam energiesbetween 2.6 and 4.4 MeV/u. The γ-rays were detected withthe EXOGAM array. The de-excitation of low-lying states in76Kr is clearly observed in an almost background-freespectrum.At ISOLDE, radioactive beams of lithium, sodium andmagnesium were produced by post-accelerating the 60 keVISOLDE beams from target spallation using a combinedPenning-trap, EBIS and linear accelerator to a specific energyof 2.23 MeV/u. The spectrum shows the results from a laserionised 30 Mg (T 1/2=0.3 s) beam of 10,000 particles per secondon a deuterated polyethylene target. Excited states in 31 Mg arepopulated and the de-exciting γ-rays were detected with theMINIBALL array. The peaks labeled 16 N are from the decay ofexcited levels in 16 N produced in transfer reactions on the 15 Nbeam contamination.problems when describing weakly bound statesor resonances. Moreover, the size of the VMCplus-GFMCand LBSM calculations grows beyondwhat is manageable at present for nucleibeyond mass A = 10, like, e.g., 11 Li.It is possible however, to explore few-bodycharacteristics that have an overwhelming influenceon the precise nuclear-structure propertiesof light nuclei (beyond mass A=8) by explicitlyconstructing them from binary and, evenmore complicated, cluster structures using Faddeevtechniques. Since 1990 halo models havebeen developed where the nucleon-nucleon (NN)degree of freedom is no longer frozen, but chosenin accordance with the free NN interactionprompted by the dilute character of thehalo. Thus, focus has been shifted to featuresgenuinely related to the intrinsic character ofthe halo and the interplay between halo andcore degrees of freedom. Studies connecting thethree-body models and forces to ab-initio calculations,exploring the transitions from distributionsin ordinary nuclei to the appearance ofcluster structures at and beyond the neutrondrip line, are underway and should continue.Finite quantum few-body systems and correlationsbetween fermions form a field wherecross fertilisation takes place between nuclearphysics and other fields from atomic, molecularand solid-state physics to hadron physics and astrophysics.A very nice and illustrative exampleis the study of Bose-Einstein condensates.6.2.4 Complex nucleiMean-field methods: accomplishmentsand limitationsThe main goal of a self-consistent mean-fieldapproach is to look for a fundamental derivationof the phenomenological mean fields usedin many approaches, and to determine basic featuresof two-body effective forces that wouldgive the best mean fields. The mean field isgenerated by the mutual interactions betweenall nucleons, and starting from a bare interactionit can, in principle, be calculated using the

                                                    

                                                    6. Nuclear Structure 95Brueckner-Hartree-Fock (BHF) theory and resonatinggroup methods.To handle the difficulties posed by the repulsivecore, and to obtain a correct descriptionof binding energies, a density-dependent HFmethod was devised based on a local-densityapproximation. This method has demonstratedthe need for dressing the bare nucleonnucleonforce in the presence of the nuclearmedium. In practice, the effective interactionsused contain a few parameters (zero-rangeforces, velocity-dependent Skyrme forces, finiterangeforces,. . . ) that are fixed by the nuclearmatter properties and the properties ofa few magic nuclei. In this approach, the nucleuschooses its own equilibrium shape andthe optimal mean fields for particles and holes(Hartree Fock: HF) and quasi-particles (HartreeFock Bogoliubov: HFB). This method has beenextremely successful for the description of nuclearbulk properties. The self-consistent inclusionof correlations within a random-phaseapproximation has enabled information aboutnuclear low-lying collective excitations (vibrations,rotations, shape coexistence, fission pathsof strongly deformed nuclei,. . . ) to be obtained.Because the proton-neutron attraction playssuch a dominant role in the effective nucleonnucleoninteraction, the neutron mean field dependsmost strongly on the proton density andvice versa. As a consequence, for nuclei withan extreme neutron excess an increased neutrondensity in the surface region leads to a weakeningof the neutron mean field in this outer regionwhile in the nuclear central part, the neutronmean field is strong and determined by thelocal proton density. These opposing tendenciesin the radial structure of the neutron meanfield will make a more complicated field comparedto nuclei in regions near stability. In otherwords, one needs to pin down the isovector densityas precisely as possible. These effects mightimply a more gradual decrease of the neutronaverage potential from the central zone in thenucleus towards large radial values, much likethe harmonic-oscillator potential. This can havedrastic effects on the precise nuclear shell structurethat in turn determines how orbitals arefilled affecting ultimately the nuclear densities,making self-consistency arguments imperative.It is therefore essential to map out the evolutionin single-particle structure while movingtowards more neutron-rich nuclei for notonly light, but medium-heavy and heavy systemsas well. The study of odd-mass nucleifar from stability through β-decay and transferreactions, gives access to the precise underlyingshell-structure and should be continuedat the existing and planned RIB facilities(e.g., approaching the 78 Ni region, producingvery neutron-rich nuclei around N=28,..).When approaching the very neutron-richregions, barely bound nuclei characterised bya low-density surface region mainly occupiedby neutrons, will be encountered. The treatmentof the HF component (the monopole andquadrupole parts in particular) and the pairingfield, that scatters pairs of nucleons into unboundstates, such that continuum effects startto play an important role, creates a serious complexity.The way to solve this problem is notcurrently known and extrapolations from knownregions near stability can hardly be expected toconverge to give the correct answer to this question.At the same time, relativistic mean field(RMF) methods, based on phenomenologicalLagrangians, have been explored. Applicationsrange from the role of relativity in bound nucleondynamics to high-spin physics and collectivemodes in heavy deformed nuclei. Thesemethods can also lend themselves to the study ofthe origin of pseudo-spin symmetry in mediumheavynuclei and of the spin-orbit and non-localDarwin terms of the equivalent Schrödinger picture.Although many properties have been exploredstarting from non-relativistic methods, itis most interesting to deepen our understandingof Dirac’s equation for bound particles insideatomic nuclei. The RMF approach, with its emphasison strong Lorentz scalar and vector fieldsin the nucleus, provides a useful link betweenphenomenological descriptions and more basicformulations based on QCD. Microscopic fieldtheoreticalmethods, describing the relevant degreesof freedom in the low-momentum regionsin terms of meson exchange, may bridge this

                                                    

                                                    96 6. Nuclear Structuregap.The nuclear shell modelLarge-scale shell-model studies Modernlarge-scale shell-model calculations try to incorporatemany if not all of the possible ways inwhich nucleons can be distributed over the availablesingle-particle orbitals. In this way, onecan distinguish in the light-mass region, the verylight nuclei for which the 1s orbital is the onlyone. Here of course, problems arise in determininga central field (see section 6.2.4). Thenext region considers nuclei in the 1p shell, spanningnuclei from 4 He to 16 O, and similarly inthe sd shell model with nuclei from 16 Oto 40 Ca.The current shell-model codes successfully predictexcitations in these mass regions in a 0ωmodel space without any need for model truncations.The effective forces used are optimisedwith respect to a particular model space.Recently, the full fp shell nuclei have beenstudied in much detail by the Strasbourg-Madrid group using the codes ANTOINE andNATHAN. These state-of-the-art codes havebeen developed over the last two decades andallow issues like the shell closure in 56 Ni andrelated topics to be considered in a more sophisticatedway then previously.There are a number of problems though thathave gradually come into focus as these developmentscontinue and are connected to movingfar out from the region of β stability. The questionrelates in particular to building huge modelspaces within a given 0ω model space with dimensionsreaching 10 9 . Even in this approach,core excitations are effectively taken into accountthrough the use of effective charges andg-factors. Experimental data further away fromstability have shown serious deviations from theresults obtained from these large-scale shellmodelstudies (e.g., the N=20 sodium, magnesium,.. . nuclei). Moreover, the continued effortto increase the model space might reveal unexpectedways for the nucleons to organise themselvesand could hint to new modes of excitationeven at very low energies. Here, we thinkof the already large amount of experimentaldata showing a new class of states that can “intrude”to low energies thereby bringing in newphenomena from outside the lowest-order shellmodeltruncation. The most dramatic examplesare seen in the very neutron deficient nuclei inthe lead region, and for light very neutron-richN=20 and N=28 nuclei.It has nevertheless become clear that suchapproaches have their limitations in the descriptionof medium-heavy and heavy unstable nuclei.This should, however, not be seen as adrawback but as an interesting indicator for unexpectedphysics. For example, if one uses thespherical shell-model as fully as possible in agiven mass region, and encounters systematicdeviations between experiment and theory, onemay take this as a fingerprint for changing structure.This argument is particularly importantwhen carrying out series of calculations in unknownterritories of nuclei far from stability.Currently, new approaches to handle thelarge-scale nuclear shell-model problem using adensity matrix renormalisation technique anda Monte-Carlo truncation to the nuclear shellmodeldiagonalisation are under developmentand have been successfully applied in differentregions of the nuclear chart (see next subsection).The large number of specific truncationmethods are not described here only that the importancefor constructing robust methods thatallow meaningful extrapolations outside of theregion of stability should be stressed. Informationfrom new experimental efforts, using e.g.RIB, are needed to validate certain truncationmethods or to find their limitations.Monte-Carlo shell-model methods A centralelement in the study of atomic nuclei, thatshall be at the focus of the new RIB facilities,is related to the question of how the underlyingstructure of atomic nuclei will be modifiedas a function of “external parameters” such asJ,T and N/Z. How will the concept of a centralfield and the derived properties change whenheating the nucleus to high temperatures, thatreplicate stellar conditions or when introducinglarge amounts of angular momentum or chang-

                                                    

                                                    6. Nuclear Structure 970HUJLQJ 0HDQ)LHOG DQG 6KHOO0RGHO 0HWKRGVNuclear mean fields are generated in a self-consistent wayby using effective two-body nucleon-nucleon forces actingbetween all nucleons inside the nucleus. Using Hartree-Fock or Hartree-Fock-Bogoliubov techniques, both theequilibrium 16shape and the optimal mean field for (quasi-)particles is obtained. By performing configuration mixing ofangular-momentum and particle-number126 + projected selfconsistentmean-field states, 2 detailed61+ nuclear-structureproperties (energy spectra, electromagnetic properties,...)are generated. A calculation for84 + 32 Mg shows the quadrupoledeformation energy curve (blue line).244+ The energy referenceis that of the lowest lying 0 + state. These12 + achievements arefor the lowest-lying states on the same footing as nuclear2shell-model results.2 + 1 0 + 2E (MeV)E (MeV)E (MeV)016128402 + 20+126M g6 + 24 + 2 6 + 14 + 10 + 2 0 + 12 + 132M g-1.0 0.0 1.0 2.0q (b)quadrupole 20 moment (b)32 MgThe nuclear shell model essentially starts from closed shells(the known magic numbers at 2,8,20,28,50,82,..) in order toseparate the huge many-particle Hilbert space into an inertcore and a number of valence nucleons. The latter aredistributed in all possible partitions over a limited number ofshell-model single-particle orbitals. Using an effective force,adjusted to a given mass region, this approach has beenvery successful. During the last decade, the dimensions ofthe calculations have increased by at least two orders ofmagnitude and collective effects in nuclei away from closedshells have been reproduced (e.g. 48 Cr). In order to gobeyond mass 60 to 70 a Monte-Carlo shell-model approachhas been developed. Up to now, mean-field methods wereused to describe these medium-heavy nuclei, but with thenew developments the shell model is catching up.J (h)14121086448Cr24 24VIBRATORTh ThExp ExpROTOR20.5 1.0 1.5 2.0 2.5E γ (M eV)ing drastically the proton and neutron numbersfrom those near stability? As an illustration,one should address the question at which point aspherical shell-structure disappears when a largeamount of excitation energy is put into a nucleus.A formalism that takes temperature, angularmomentum as well as the proton-neutronasymmetry into account may well be a fruitfulpath to follow. All the more so, since at thesehigher energies one is in principle not able tofollow all the individual nucleons in the interactingnuclear many-body system. Very similarto the way in which statistical averages builda bridge between microscopic and macroscopicvariables (average particle velocity distributionon the one side and pressure, temperature onthe other side); one should concentrate on thethermodynamics of the atomic nucleus.Statistical fluctuations in the level sequences(e.g. compound nuclear resonances, low-lyingexcited states) contain important informationon the nuclear dynamics. The study of quantummanifestations of classical chaos has receivedmuch attention in recent years. Startingfrom Random Matrix Theory (RMT) and thesubsequent Gaussian Orthogonal Ensemble (fortime-reversal invariant systems) and GaussianUnitary Ensemble level distributions, statisticalanalyses of experimental nuclear-structure propertieshave shed light on how regular dynamicscan be discriminated from those more randomin nature. Such methods apply to other systemsalso (atoms, disordered solids).Shell-model Monte-Carlo (SMMC) methodshave been developed to a high level of sophisticationin order to determine the nuclear partitionfunction and derived quantities such as sumrules for various external fields interacting witha heated atomic nucleus. There may well be generalways to use some of the essential elementsof the SMMC methods to derive the analogousclassical observables that appear in systems atrapid rotation, those far from stability or anycombination of the two. This is almost an unknownterritory to be explored in the coming

                                                    

                                                    98 6. Nuclear Structure&KDQJLQJ 0DJLF 1XPEHUVMagic closed-shell numbers (N or Z = 2,8,20,28,50,82 and126) are well established for nuclei near the region of β-stability. They are predicted by the spherical shell modelthat approximates the nuclear potential by a self-consistentmean field as derived microscopically from Hartree-FockBogoliubov theory (see left part of the figure below which isdrawn for a harmonic oscillator potential). The ordering ofproton (neutron) energies will strongly depend on the fillingof neutron (proton) orbitals through the self-energy Hartree-Fock correction based on the monopole part of theinteraction.When approaching the neutron-drip line, a more gradualdecrease of the neutron average potential towards largeradial values might occur. This can have drastic effects onthe nuclear shell structure, even changing magic numbers(see right part of the figure below).N=4 sd3s1/22d3/22d5/21g7/21g7/22d3/23s1/22d5/21g9/2N=4The monopole part of the effective force induces drasticchanges in the single-particle energies resulting in changesin the magic numbers far from the line of stability. Bystudying, e.g., shifts in single-particle energies in lightnuclei, it was shown that the neutron magic numbers at N =8,20 seem to change into N = 6,16 respectively. This is inagreement with the changes observed in the ordering ofshells for neutron-rich light nuclei and seems to originatefrom the strong attractive π−ν interaction between spin-orbitpartners. This particular mechanism hints at an overallmodification of standard values of closed shells.6L$O0J1D1H)21 = extreme single-particle energyfor neutrons (MeV)151050 6L pf shell201d 3/2pf shell1d 3/2162s 1/22s 1/21d 5/2 1d 5/2gharmonic oscillatorHARMONIC OSC.+ SPIN spin-orbitORBIT+ CENTRIFUGAL+ centrifugal1g9/2diffuseDIFFUSEsurfaceSURFACEneutronNEUTRON rich RICH+SPIN-ORBIT+ spin-orbitThe figure compares the stable isotope 30 Si with the exoticnucleus 24 O. The former nucleus has 6 protons outside theclosed Z=8 shell, while the latter has a closed proton-shellconfiguration. Due to the monopole part of the effectiveπd 5/2−νd 3/2interaction, the well known N=20 gap is reducedand a new gap appears at N=16.years. These methods may well help extrapolatingmean-field and shell-model studies to nucleifar from stability (see boxes “Merging Mean-Field and Shell-Model Methods” and “ChangingMagic Numbers”).Symmetries in the nuclear many-bodysystemThe concept of symmetries is a very centraltheme in physics and has given us a deep insightinto the interrelationships between different areasof the subject. Symmetry concepts have alsoguided the progress of nuclear physics over theyears as illustrated in a schematic way in thebox “Symmetries: Recent Achievements”.Using simple formulations (e.g., the conceptof an interacting boson model (IBM) usings- and d-bosons with its variants and extensions),results with high predictive power wereobtained. The suggestion and subsequent discoveryof scissors-like motion in strongly deformednuclei and a class of mixed-symmetryexcitations near closed shells was based on symmetryconsiderations. More recently, such excitationshave been suggested for nuclei with alarge neutron excess. Symmetry dictated truncationshave also allowed algebraic formulationsto treat shape coexistence and the appearanceof various shapes in a single nucleus. Examplesfrom the very neutron-deficient platinumto polonium nuclei illustrate this issue nicely.Combining bosons and fermions within a globalsupersymmetric group structure that describesbosonic and fermionic systems with the sameHamiltonian, an elegant description of quartetsof nuclei (even-even, the two odd-mass and oddoddnuclei) is obtained, starting from a singleHamiltonian. Painstaking investigation of thecomplex structures of the odd-odd member ofsuch a quartet - 196 Au - has provided confirmationof these theoretical predictions. Recently,a lot of interest also has been steered up byin the topic of quantum phase transitions andphase coexistence in systems with a finite numberof constituents. It has become clear that byapproximating the potential in the (β,γ) Bohr-Mottelson parameter space, a number of solv-

                                                    

                                                    6. Nuclear Structure 996\PPHWULHV 5HFHQW $FKLHYHPHQWVThe concept of symmetries in physics has always been central to the unificationof different phenomena. The following figures give an overview of a number ofsymmetry realisations characterising the nuclear-many body problem, going allthe way from the initial isospin classification scheme of nucleons, in 1932 byHeisenberg, to recent discussions on critical-point symmetries in studyingnuclear-physics transitions.1932 Isotopic spin sym metry1936 Spin isospin symmetry1942 Seniority - pairing1948 Spherical central fieldjJ=0For particular choices of thenuclear potential energy surface inthe collective (β,γ)-plane, exactsolutions to the Bohr-Mottelsonmodel have been obtained (calledX(5) and E(5) critical-pointsymmetries). The isotopes 150 Ndand 152 Sm are good candidates forX(5) symmetry as shown in thefigure where the X(5) solution iscompared to a rotor and a vibrator.E(J + )/E(2 + )2010150 150 Nd Nd152 152 Sm SmRotorrotorX(5)vibratorVibrator00 2 4 6 8 10 12J1952 Collective modelE (keV)800theory19679Au117experiment1958 Quadrupole SU(3)sym m etry1974 Interacting Bosonm odel sym m etriesBose-Fermi symmetries2000 Critical Point symmetriesJ=0 J=2j J=0 J=2O(6)E(5)U(5) X(5) SU(3)Through supersymmetry,bosonic and fermionicsystems with a constant N(the sum of the number ofbosons (paired nucleons)and the number of fermions(unpaired nucleons)) aredescribed simultaneously.The predictive power isshown for the case of196Au.600 600Ex[keV]400 400200 2000 04- 2 -3 - 2 -13 -4 - 2 --3 - 1 -3 - 0 -2 -1 -0 -2 -4 -3 -32 --1 -1 - 0 -2 -1 -4 -3 -23 - -32 -- 2 -(3 - ) 2 -21 --4 -3 -1 -(0 - )(3 - )2 -1 - (1 - )1 -2-(1-)(2-)(3 - )4 -(2 - )(1 - )0 -(4 - )2 -2 -(1 - )able models emerge, the so-called critical-pointsymmetries. Both experimental and theoreticalstudies will thus tread on fertile ground for futureexplorations.6.3 Recent experimental achievementsand future outlookThe last five years have witnessed a numberof remarkable achievements. New RIB facilitieshave been commissioned and have producedtheir first results, fragment separatorsand storage rings have provided an increase inyield and large γ-ray arrays (like EUROBALL)have become fully operational and have beenused extensively for detailed in-beam and reactionstudies. The first germanium arrays basedon electronically segmented detectors (like theMINIBALL detector and EXOGAM) have beenused for pioneering experiments with RIB (seebox “First Results from SPIRAL and REX-ISOLDE”) and some ingenious new instrumentation,like radio-frequency coolers, has allowedvery interesting experiments.In Europe, two major second-generation facilitiesfor the production and use of radioactiveion beams have been proposed: “An InternationalAccelerator Facility for Beams of Ionsand Antiprotons” (at GSI) and “A EuropeanIsotope Separator On-Line” (EURISOL). Boththese projects should become operational withina decade and provide the anchor to which thelong-term future of nuclear-structure research issecured. In the medium term, a vigorous programmeto upgrade and exploit the existing instrumentationshould be undertaken in combinationwith the necessary R&D for the secondgenerationfacilities.In this chapter a selection from the rich diversityof recent experimental achievements ispresented. It is not intended to be complete butrather to offer some examples to indicate futuredevelopments.

                                                    

                                                    100 6. Nuclear Structure6.3.1 Extreme proton-to-neutron ratiosMasses, ground- and isomeric-state propertiesMasses, ground- and isomeric-state propertiesand decay modes are often the first experimentalinformation obtained for exotic nuclei and formthe backbone of any theory. These types of experimentshave always been, and will continue tobe, the forerunners of larger experimental campaignson exotic nuclei. Over the past five years,a wealth of high-quality data has been obtained.Masses The ground-state mass of the nucleusis a particularly interesting quantity as it encompassesall effects of the interactions and correlationsthat are involved in the atomic nucleus.Experimental mass accuracies for exotic nucleinow reach values of δm/m = 10 −6 to 10 −8 (seebox “Masses”) and are often at least an orderof magnitude more accurate than the deviationsbetween experiment and microscopically basedmean-field calculations. Masses of very neutronrichnuclei form an ideal testing ground to determinethe density dependence of the effectiveinteraction however extrapolations of the calculationsoutside the region of known masses fail.More precise mass values are needed as comparisonsof quantities derived from mass differenceswith systematic trends might uncover subtlenuclear-structure effects: changes in the shellstructure, ground-state correlations, changes inpairing energy, etc. Mass measurements shouldbe vigorously continued in the future.New projects to measure the mass of theheaviest elements (using e.g. the SHIPTRAPset-up), to attain even greater accuracies usinghigher charge-state ions and to reach evershorter-lived nuclei are being developed. In orderto go even further towards the neutron dripline for heavier atoms, the intensities and puritiesoffered by the second-generation facilitieswill be essential.Charge radii and moments Laser spectroscopy,using isotope shifts and hyperfinestructure of atomic transitions to determinecharge radii and nuclear moments, has traditionallybeen a very successful field using beamsfrom ISOL systems. A continuous improvementin experimental techniques over the last fewyears has led to new opportunities. For example,results have been obtained for the transuraniumelements and for very light masses withtheir large mass shifts, as well as for refractoryelements by using laser desorption or a cooler devicecombined with the IGISOL technique. Reliableisotope-shift data have thus been obtainedfor light elements (like, e.g., the neon isotopes).These data provide an extreme point to testlarge-scale shell-model calculations. The use oflaser ion sources at ISOL facilities has opened upnew opportunities for laser spectroscopy measurementswith lower accuracy but with unprecedentedsensitivity. In addition, a new technique,already in use, that exploits the naturalorientation/polarisation/alignment of a fragmentationreaction has been used to determinemoments of ground states and isomeric states.All these techniques should be pursued and consolidatedin the future.Information on nuclear charge radii and diffuseness(the latter is not accessible by theabove mentioned methods) can be obtained fromelectron-nucleus elastic scattering. Electronnucleuscolliders (eA) where the exotic nucleiare stored in a cooler-storage ring that is interceptedby an intense beam of electrons froman electron-storage ring are being considered onthe longer term. By also studying inelastic collisions,detailed information on the collective motionof exotic nuclei and, at higher energy, evenon the single-particle structure can be obtained.These very promising but challenging ideas introducedhere, e.g. in the context of the newGSI-accelerator complex, should be developedand explored.Shapes, symmetries and low-lying excitationsOne of the most fruitful avenues in recent yearshas been the application of dynamical symmetriesto the nuclear-structure problem. Themethod, equally applicable in many other fields,focuses on the basic states of motion available

                                                    

                                                    6. Nuclear Structure 101,8808Different mass-measuring techniques have been exploitedover the last five years and have produced results with highaccuracy over a wide variety of radioactive isotopes. Eventhe shortest-lived isotopes have been studied. Experimentsat ISOLDE where three ion traps are coupled in a row (oneRF- trap and two Penning traps) have enlarged the massmeasuringcapabilities to essentially every isotope an ISOLsystem can deliver. This resulted, e.g., in massmeasurements of isotopes with half lives as short as 98 ms( 32 Ar) and 65 ms ( 74 Rb) and this with an unprecedentedprecision of δm/m = 10 -8 . Using time-of-flight techniquesand frequency measurements, large data sets have beenobtained at the GSI-ESR storage ring on heavier masseswhile lighter masses were measured using the GANILcyclotrons and spectrometers and the MISTRALspectrometer.The deviation between new mass values obtained atISOLDE and previous results (blue data points) are shownfor some neutron-deficient Kr isotopes. The uncertainty ofthe new data (red coloured band) is almost constant for allradioactive isotopes. The mass of 72 Kr (T 1/2=17 s) isimportant for nuclear astrophysics as this isotope isexpected to be a waiting-point nucleus in the rpnucleosynthesisprocess.ME(trap)-ME (keV)0AME95ISOLTRAPAA preliminary spectrum from a time-of-flight massmeasurement at the GSI storage ring is shown. Theground state of 133 Sb is separated from its isomer (T 1/2= 16µs in the neutral state). The sensitivity of thesemeasurements has been increased to a level where singleionexperiments on exotic nuclei become possible.to a system and the relative motion of differentclasses of its constituents, rather than onthe motion of the individual constituents themselves.Thus the symmetries being applied tothe nuclear-structure problem are equally relevantin the realm of molecular or particlephysics.(MeV)...A dynamical symmetry provides an analyticsolution for the low-lying collective states of anucleus in a specific limit which corresponds, inmicroscopic terms, to a particular mean shape.However, the interplay of the constituent valenceparticles in specific orbitals can sometimes resultin two minima in the potential energy surfacecorresponding to two very different shapes,yet still close enough in energy for both sets ofstates to be observed. Examples of this shapeco-existence between spherical and axially deformedstructures are well known (Figure 6.3).These nuclei can be used to probe how smallchanges in the properties of the last few valenceparticles can result in major changes in theshape and hence the mean field of the nucleus.101866 +4 +γ e - e -0 +186Pb2 +0 +0 +Figure 6.3: Total potential-energy surface for 186 Pb.The three lowest 0 + states of 186 Pb, identified in theα decay of 190 Po, correspond to the three minimain the potential energy surface at spherical (blue),oblate (red) and prolate (green) deformation.

                                                    

                                                    102 6. Nuclear StructureA wealth of data on low-lying collective excitationsand yrast states has been obtained byusing the recoil-decay tagging techniques andthe spectroscopy of fission products such as wasperformed at ILL. Decay studies have experienceda revival in recent years thanks to theuse of segmented detection systems for particles(e.g. β-delayed single and multi-protonand -neutron, deuteron and α emission). Thesestudies give, through the selective nature of βand α decay, detailed information on the lowlyingcollective and single-particle structure ofnuclei. Moreover, the addition of γ-ray trackingdevices and the ever increasing intensityand purity of RIB will allow such studies to belaunched in totally unexplored regions of the nuclearchart. Also, Coulomb-excitation measurementsand few-nucleon transfer reactions withenergetic radioactive beams will help unravel thelow-energy structure of exotic nuclei; first experimentshave already shown promising results(see box “First Results from SPIRAL and REX-ISOLDE”). These techniques that were used extensivelyin the past with stable isotope beamswill now be used intensively again at the new facilities.Although the methods are well known,they have to be adapted to cope with the inherentlower RIB intensities, the use of inversekinematics and the radioactive background producedby scattered or stopped particles fromthe beam. For example, mapping the structurearound the doubly magic 132 Sn nucleus (inthe mid-term future) and around 78 Ni and 100 Sn(in the long-term future using second-generationRIB facilities) will become possible. This particularinformation represents one of the most importantbenchmarks for nuclear-structure modelsfar out from stability.Unbound systems and the lightest nucleiThe past years have deepened our understandingof exotic light nuclei, both through studiesof known nuclei and various phenomena, andthrough excursions into unknown territory. Themapping of the position of the neutron drip lineis continuing and the frontier is presently at 31 F,34 Ne (perhaps the most neutron-rich isotopes ofthese elements) and 37 Na. Several general surveyshave given a much better basis for evaluatingtrends in the structure of light nuclei.Very important in this respect are the measurementsof interaction cross sections, from whichmatter radii are deduced. These measurementshave currently reached magnesium and have alsobeen performed for the chlorine and argon isotopechains. Combining such results with measurementsof charge radii indicates that neutronand proton “skins” build up as we go away fromthe line of β-stability. Similar information wasobtained from one-neutron knockout reactionsstudied over extended chains of isotopes. Forinstance, nitrogen, oxygen and fluorine nucleiwith neutron numbers 15 and 16 deviate fromsystematic trends, presumably due to s-neutronsin outer orbits. Such nuclei display features thatin several respects are similar to those of halonuclei, but clearly have a more complex structureinvolving, e.g., core modifications. Meanwhile,new techniques have been exploited toaccess nuclear matter distributions in a morerefined manner. Neutron interferometry techniqueshave been used to deduce the size of thehalo itself and proton elastic scattering at relativisticenergies was recently shown to be a usefultool for revealing matter distributions of halonuclei.Halos are by now well established amongthe light (neutron) drip-line nuclei. More recently,halo states in heavier nuclei have beenfound, one example being 19 C. For the knownhalo states, such as 6 He and 11 Li, complete kinematicsexperiments have allowed the introductionof new analysis methods: angular distributionsamong outgoing fragments have providedstringent tests both of the reaction mechanismand of the nuclear structure. Another importantexperimental tool has been the recordingof γ rays de-exciting the outgoing fragmentsfrom halo break-up reactions. From such measurementsone is able to deduce precise singleparticleoccupancies as well as the effects of coremodificationsin a halo state. Results of thiskind now provide us with a rather detailed understandingof how halos are formed in nuclei.Progress has also been made in other areasmore distantly related to neutron halos andskins. A more general search for cluster structuresin nuclei has continued, yielding interest-

                                                    

                                                    6. Nuclear Structure 103%H\RQG WKH 'ULS /LQHThe energy gain when nucleons occur in pairs makes the driplines look “jagged”, the isotope (isotone) lines with even Z (N)often extend further out than the odd ones. Nuclei beyondthe drip lines, i.e. nuclei where one- or two-nucleon emissionis possible from the ground state, can now in several regionsof the nuclear chart be accessed experimentally. Theinformation on the decay mechanism, in particular when twoprotonemission takes place, as well as on other nuclearstructureproperties are of particular interest.Both “missing systems” of the heliumisotopes, such as5 He and 7He thatprecede the bound nuclei 6He and 8 He,as well as systems that go beyond thelast bound isotope, such as 9,10 He havebeen reached. In fact, we now haveinformation on as many particle unboundas bound helium isotopes, namely four ofeach type.Ground state one-proton radioactivity was first seen about 20years ago and the experimental activity has acceleratedduring the last decade. This decay has now been seen inmost odd-Z elements between iodine and bismuth. It hasbeen developed into a powerful spectroscopic tool, e.g. forthe determination of spectroscopic factors. Even excitedstates of g.s. proton emitting nuclei have been studiedresulting in detailed nuclear-structure information beyond thedrip line.The first evidence for ground state two-proton radioactivity,predicted about 40 years ago, appeared very recently for45 Fe after a decadeof experimentalcampaigns. Futuredetailed studies ofthe individualproton energiesand their relativeemission anglecould provideinformation on thenucleon-nucleoncorrelation inmedium mass nuclei.Ground state and recently identifiedexcited states in 7 He are compared tocore plus one, two or three neutronstates. The excitation energy relative tothe 6 He+n system is given in MeV.Projectile-fragmentation experimentsat GANIL and GSI have identified thenucleus 45 Fe by measuring the timeof-flightand energy loss of each 45 Featom as well as its decay. The peakat 1.14 MeV in the 45 Fe correlateddecay spectrum indicates that thisnucleus disintegrates by two-protonemission from its ground state.ing results, e.g., for the excited states in 10,12 Be.The problem of the multi-particle continuumstructure has been attacked from several angles,both experimentally and theoretically, but sofar mainly for proton-rich nuclei. Beyond theproton drip line some two-proton emitters (e.g.12 O) have been characterised through reactionwork and recently, the first experimental evidenceof ground state two-proton radioactivityhas been reported (see box “Beyond the DripLine”). Just within the drip line, several nuclei(e.g.9 C and 12 N) exhibiting β-delayed multiparticledecay modes have been studied. So farmost results are compatible with sequential decaysnevertheless, one should note the theoreticalimprovements in predicting true three-bodydecays.Nuclear systems just beyond the drip lineshave been studied in a more general way. Bothdrip lines appear “jagged” (for the proton dripline starting above oxygen) in the sense that 4 Hefor example cannot bind one or three neutrons,but does bind two and four. The “missing systems”,such as 5 He, 10 Li or 13 Be, are importantfor understanding the local structure in detail.At the same time, one has also reached beyondthe last bound nuclei on both sides, examplesbeing 10,11 N and 9,10 He. More recently, interestingresults have also been reported on the verylight systems 5 H and 4 n, where the neutron toproton ratio approaches that of neutron stars.Although the neutron drip line is currently outof reach for the heavier elements, the proton dripline has been surpassed in many instances althoughfor heavier nuclei at the moment onlyfor odd Z (see box “Beyond the Drip Line”).It is not yet known how far up in Z and Ahalos exist nor how abundant they are in spiteof the theoretical attempts made at answeringthese questions. The conditions for finding theextremely extended Efimov states in nuclei arebeing narrowed down, but we are still some wayfrom having definite predictions that would pinpointtheir location. A larger problem involvesthe neutron and proton skin nuclei, where muchwork still remains, experimentally as well as the-

                                                    

                                                    104 6. Nuclear Structureoretically. Future experiments in this directionrequire new facilities that can provide the necessaryincreased beam intensities. The comingperiod could be envisaged as a time of consolidationand gradual expansion, looking, e.g., intothe exploitation of these features in more stablenuclei.Clustering and exotic shapesNuclear clustering based on α particles andstrongly bound substructures with N=Z hasbeen studied for many decades. The recentlyregained interest has focused on loosely boundsystems through the study of exotic nuclei andin particular on states whose energies lie close tothe threshold for decay into substructures. Thephysics of drip-line nuclei, where single-nucleonand cluster binding energies are very small, isstrongly related to the clustering phenomena observedat the single-nucleon and cluster thresholdsin normal nuclei. The existence of stronglydeformed shapes - such as super- and hyperdeformation- in light nuclei has also been recognisedto be as being related to clustering phenomena.Even octupole and higher-order deformationsare considered and bring conceptsof intrinsically reflection-asymmetric molecularstructures into play. Cluster states are oftenvery peculiar and many examples show thatthey cannot be obtained even in the largestshell-model calculations. The nuclear propertiesof cluster states can be described in termsof anti-symmetrised molecular-dynamics. Otherapproaches, whereby explicit molecular conceptsinvolving neutrons in covalent binding orbits areconsidered, are also employed.The spectroscopy of strongly deformed (exotic)shapes in N=Z nuclei has thus far been thedomain of charged-particle spectroscopy whichhas yielded evidence for states characterised bythe emission of α-particles, 8 Be and heavier fragments.However, new detector set-ups with combinedparticle-γ detection are expected to givenew insight into exotic shapes of nuclei, whichmay be related to clustering. On the neutronrichside, the weakly-bound nuclei also show astrong tendency for clustering. This appears tobe due to properties of the residual interactionwhich leads to a maximum overlap of protonswith neutrons. Furthermore, in nuclei with alarge neutron excess, valence neutrons and protonsoccupy very different single-particle orbitswhich in turn may drive the nucleus towardsnon-identical proton and neutron deformations,a feature for which some evidence has alreadybeen found in stable nuclei. Inelastic excitationsof low-lying collective states, separatingthe isovector and isoscalar transitions by meansof appropriate probes, allow to access experimentallythis appealing feature.6.3.2 Isospin as a degree of freedomNuclei along the N=Z line display several uniquecharacteristics which arise from two principalsources. Firstly, the coincidence of neutron andproton Fermi energies ensures maximum spatialoverlap between the neutron and protonwave functions so that, as the number of valencenucleons increases with increasing mass,strong collective effects develop. Secondly, thecharge independence of the nuclear force givesrise to a neutron-proton symmetry representedby the isospin quantum number and which manifestsitself in a number of structural featuresobservable only on, or very near, the N=Z line.Examples include SU(4) symmetry, which holdsonly for the lightest nuclei and rapidly detoriatesas the spin-orbit force increases, mirror symmetry,which is currently being studied to higherspins than ever before, and neutron-proton pairingcorrelations (see box “Neutron-Proton Pairing:a New Super Fluid Phase of Nuclear Matter”).Breaking of the isospin symmetry itself isexpected to occur most strongly for the heaviestmasses on the N=Z line. Although the symmetryis already broken to some extent, at the levelof the strong interaction and - to a much largerextent - by electromagnetic forces, the overalllevel of mixing remains small and the isospinformalism remains a very powerful tool in relatingthe properties of corresponding levels indifferent nuclei, and to understand the structureof the nuclear wave function.

                                                    

                                                    6. Nuclear Structure 1051HXWURQ3URWRQ 3DLULQJ D 1HZ 6XSHU)OXLG 3KDVH RI 1XFOHDU 0DWWHU$%$%νννππνππ$%$%To what extent the T=0 pairing forms a condensate similar tothat of the T=1 pairing is still an open question. In deformednuclear systems, quenching of the pairing field is reflected byan increase in the moment of inertia at high angularmomentum. When a pair of nucleons have aligned spins, theyare expected to be much more robust against rotation and,anomalies in the particle alignments (the breaking of pairs)should occur. Indeed, experimentally it has been establishedthat the rotational frequency, at which such pairs break in theN=Z (even-even) nuclei, is systematically higher compared tothe heavier even-mass isotopes (the dashed line in the figureshows the crossing frequency for the N≠Z nuclei). This mightbe an indication for the formation of a T=0 pairing condensate.The ground state of most nuclei is well described in termsof a super-fluid condensate, in which Cooper pairs ofneutrons (ν−ν) and protons (π−π) are formed, quiteanalogous to the electron pairs in superconductors.However, nuclei along the N=Z line exhibit a special 4-foldsymmetry in the nuclear-wave functions. Hence, in additionto the standard ν−ν and π−π pairs, one expects thepresence of neutron-proton (ν−π) pairs. Since neutrons andprotons are different fermions, they can form two differenttypes of Cooper pairs. One corresponds to the standardcoupling with total spin (S) zero and isospin (T) equal toone. The other, more exotic, is a coupling which is Pauliforbidden for identical particles (S=1, T=0). The lattercoupling is favored by the nuclear interaction asexemplified by the deuteron (a ν−π pair) that is bound onlyin its T=0 state; the T=1 state is unbound by approximately200 keV. This preference persists in light N=Z odd-oddnuclei, but reverses at larger Z values.Moment of inertia (h 2 /MeV)Rotational frequency (MeV)Isospin symmetries and mirror pairsThe concept of the neutron-proton symmetry,described by the isospin quantum number, leadsto the concept of isobaric multiplets and mirrorpartners, where the energy levels of differentmembers of a multiplet differ only because of theCoulomb force. Isospin symmetry can be studied,through exchange reactions and β decay, bycomparing the measured Gamow-Teller strengthdistribution in mirror nuclei. The availabilityof intense beams of unstable nuclei close to theN=Z line has initiated an interesting researchprogramme along this line.Electromagnetic transitions are also a crucialprobe. Until the past decade, studies of theCoulomb energy differences (CED), the differencein energy between isobaric analogue states,were focused almost exclusively on the groundstates of nuclei. However, in recent years thelarge increase in sensitivity and resolving powerresulting from the advent of large arrays of γ-raydetectors have allowed the study of nuclei withN

                                                    

                                                    106 6. Nuclear Structureteraction. Theoretical estimates, limited to theground states of even-even nuclei, show that theamount of isospin mixing increases with the nuclearmass A and, for a given A, is maximumfor N=Z. An understanding of the mechanism ofisospin mixing in nuclei close to the N=Z line iscrucial in order to perform reliable correctionswhen deriving the coupling constant from thelog(ft) values of superallowed Fermi β decays.In particular, it is not clear whether and howthese correction terms vary with increasing A,and it is therefore important to extend the studyof isospin violating processes to heavy nuclei allthe way to the proton drip line. These measurementsmight have a direct impact on the unitaritytest of the Cabibbo-Kobayashi-Maskawa(CKM) matrix (see section on fundamental interactions).Another possible way to study theviolation of isospin symmetry induced by theCoulomb interaction is through the observationof isospin forbidden E1 transitions in even-evenN = Z nuclei. Also, measurements on the E1rates in mirror nuclei might reveal informationon the violation of isospin symmetry as, unlikethe N=Z case, the isovector amplitude is differentfrom zero and the difference between themirror E1 strengths is due to the interference betweenbetween the isovector term and the terminduced by isospin mixing.To answer these questions an extensive studyof the excitations, ground state and decay propertiesof N=Z nuclei and extremely proton-richlight nuclei is required. Direct reactions usingRIB of medium-mass N=Z nuclei should providea powerful tool for investigating coherenteffects in N=Z nuclei such as the interplay betweenisoscalar and isovector pairing. RIB andintense stable isotope beams for dedicated andlong-term experiments, together with the continueddevelopment of granular and efficient γ-ray detector arrays (like AGATA) and particledetectors, are necessary requirements for furtheradvances.6.3.3 The heaviest nucleiAn obvious way to study the effective nucleonnucleoninteraction is to proceed towards the upperend of the periodic table. Some 35 yearsago, the first thorough theoretical studies concerningsuper-heavy elements (SHE) were published.The predicted existence of these elementsfar beyond those known at the time wasbased on nuclear-structure effects. These effectscreate a barrier against spontaneous fission,which would otherwise terminate the periodictable just above Z=100. The effects ofrepulsive Coulomb forces and nuclear attractiondelicately balance each other in the region ofSHE. The level densities are high and nucleonicorbitals with high and low angular momentumoccur close together near the Fermi energy.Small shell gaps may cause shape changes suchthat nuclear deformed states may coexist. Theseare the main reasons why nuclear-structure effectsplay an especially important role in thisregion. They may also have a decisive effect onthe possibility of producing these nuclei in fusionreactions. Highlights of recent work includethe synthesis of elements up to Z = 112 and thechemical study of isotopes of element 108 (Hs)at GSI using cold fusion reactions with stableisotope beams and targets, and tentative resultsfrom Dubna on the synthesis of elements 114and 116 using hot fusion reactions and radioactivetargets (see box “Super-Heavy Elements”).In the near future, the research programmemeson SHE will be focused on the confirmationof the latest results and on detailedspectroscopy in the A=250-270 region. In orderto accomplish this, specific developmentprogrammes should enable future experimentsto cope with higher intensities of stable isotopebeams. The successful atomic-physics andchemistry studies should be continued and massmeasurements should be initiated. Future directionsshould also include an evaluation of themerits of hot and cold fusion, the development ofdedicated stable isotope beam accelerators thatcan deliver beam intensities higher by an orderof magnitude then those currently available andthe use of intense neutron-rich RIB. The lattercombined with neutron-rich stable or long-livedradioactive isotope targets might create an opportunityto reach for the first time the unknownregion where decay chains of hot fusion productsend. In parallel, high-power target and innovativeseparator developments are needed.

                                                    

                                                    6. Nuclear Structure 1076XSHU+HDY\ (OHPHQWVUnique information on the nuclear interaction comes from thestudy of isotopes of the heaviest elements which are knownto exist solely on the basis of quantum effects. Theoutstanding questions concern the ultimate end of theperiodic table and the location of maximum quantumstabilisation. Highlights of recent work are the synthesis ofelements up to Z = 112 using cold fusion reactions withstable beams and targets, synthesis and chemical study ofisotopes of element 108 (Hs) at GSI and tentative resultsfrom Dubna on the synthesis of elements 114 and 116 byusing hot fusion reactions and radioactive targets.A recent report by the IUPAC/IUPAP Joint Working Partyconcludes that element 110 has convincingly been identifiedat GSI in 1994. Subsequent to this report, new data onelement 112 have confirmed the 1996 result. In addition, anindependent experiment on element 108 (Hs) performed on aone-atom-at-a-time basis using chemistry and nuclearphysicsmethods has also confirmed the observed element112 decay chains. Strong relativistic effects on the inneratomic electrons make these elements extremely interestingobjects in quantum chemistry.Counts/keVFm X-raysGamma spectrum of250Fmmeasured at RITU.6 + -4 + 8 + -6 + 10 + -8 +12 + -10 +14 + -12 +16 + -14 +18 + -16 +E (keV)Structure studies of the heaviest nuclides have made rapidprogress during the past years. In-beam γ-ray experiments atJYFL and ANL (USA) around 254 No have enabled thedetermination of the ground-state deformation of severalnuclides. At JYFL it has been possible to use recoil-decaytagging in conjunction with a recoil separator to observe, forthe first time, in-beam conversion electrons from 250 Fm and254 No. Such studies will ultimately provide unique informationon single-particle states in the transfermium region.The first observed decay chain of an isotope of element 112from the reaction 70 Zn + 208 Pb (in 1996), compared with theresult of the confirmation experiment using SHIP (in 2000)and with one of the chains produced in the chemistryexperiment in the reaction 26 Mg + 248 Cm (in 2001).6.3.4 High-spins and exotic excitationsThrough the response of the nucleus to rotationalstress, one can investigate a wide varietyof nuclear-structure phenomena that aremanifest in a finite fermionic system and provideunique information on the detailed structureof the nuclear potential. The existence ofvery elongated nuclear shapes and their stabilisationat high angular momentum sheds lighton the underlying symmetries characterising thedynamical system.Breaking of the rotational symmetry can berelated to asymmetries in charge or in currentdistributions. Information on the nuclear propertiesis encoded in a cascade of about thirty γ-rays de-exciting the highly excited state to theground state. Large germanium detector arrays,designed to pick out high-multiplicity γ-ray cascades,have provided the identification of discretenuclear states up to the fission limit andof the high-spin quasi continuum, yielding informationon the order-chaos transitions. In particular,superdeformation has attracted interestthrough the problems of feeding to and decayout.For example, information on the γ-decayof the giant dipole resonance built on excitedstates has been obtained for the 143 Eu nucleus.Also appealing is the search for a severely elongated,axially symmetric hyperdeformed (HD)shape with an axis ratio of 3:1, which is predictedin certain regions. The interplay betweenreaction dynamics, binding energies and fissionbarriers to optimise the population of HD structuresat the border of reachable angular momentumhas received a lot of attention.Nuclei when rotating may also developshapes in which the axial symmetry is broken.In fact, in contrast to the region around thepredominantly axially symmetric ground states,one expects a considerable deviation from suchshapes at high spin, because of the effect ofthe Coriolis and centrifugal forces. The breakingof the axial symmetry in a triaxial nucleusis associated with a low-lying collective motion,called “wobbling mode”, that represents a smallamplitudefluctuation of the rotational axis away

                                                    

                                                    108 6. Nuclear Structurefrom the principal axis such as a precession motion.Although excitations of this type were predictedlong ago, only recently they were identifiedin 163 Lu.Not long ago it was thought that nearsphericalnuclei always emitted irregular patternsof γ-rays. However, very regular patternsof γ-rays - and hence possible evidence for rotation- were detected from nuclei that were knownto be almost perfect spheres. This behaviour hasbeen termed “magnetic rotation” because therotational sequences arise from the anisotropy ofcurrents in the nucleus, which produce a magneticmoment. The more familiar rotation ofdeformed nuclei (and molecules) could be called“electric rotation” to reflect the fact that it resultsfrom an anisotropy in the charge distribution.Spontaneous chiral-symmetry breaking hasbeen discovered in odd-odd nuclei having triaxialshapes related to configurations where theangular momenta of the valence proton, neutronand the core rotation are mutually perpendicular.Such angular momenta can form a leftanda right-handed system, related by the chiraloperator which combines time reversal androtation by 180 degrees. Spontaneous chiralsymmetrybreaking in the body-fixed frame ismanifested in the lab-frame as a degenerate doubletof ∆I=1 bands.Research in the field of high-spins and exoticexcitations has yielded an impressive amount ofhigh-quality data, while new phenomena appearon the horizon. In the short term, a continuouseffort in measurements with highly efficientand segmented γ-ray arrays should be pursuedwith increased stable isotope beam intensities.In the longer term, the possibilities of RIB couldbe investigated but this will certainly requirethe beam intensities expected from the secondgenerationfacilities.6.3.5 Giant resonances in cold and hotnucleiGiant resonances in atomic nuclei are collectivestates, usually at excitation energies above theparticle separation energy, built by a coherentmotion involving many nucleons. Such resonancescan be viewed as high-frequency (∼ 10 21s −1 ) but small-amplitude density or shape vibrations.Various modes are known, differentiatedby their multipolarity and spin and isospinquantum numbers. Their unambiguous identificationand detailed study required a large arsenalof selective probes, involving γ-absorption,inelastic electron and hadron scattering, chargeexchangereactions, and heavy-ion induced excitations.The characteristics of giant-resonance excitationsare governed essentially by the macroscopicnuclear properties. Depending on thespecific mode, they carry information on the nuclearcompressibility and viscosity, on the (volumeand/or surface) symmetry energy, and onnuclear shape parameters such as radius, deformationor (neutron) skin. In a microscopicdescription, giant resonances are built by coherent1p-1h excitations where the excitationenergies of the isoscalar and isovector modesare determined by the isoscalar (attractive) andisospin-dependent (repulsive) terms of the effectivenucleon-nucleon interaction, respectively.The increasing sophistication of experimentaltechniques over the past decade has led tothe discovery of new phenomena and answersto long-standing puzzles: identification of theisoscalar dipole resonance; localisation of missingGamow-Teller strength at high excitationenergies; observation of double-phonon dipoleand quadrupole resonances probing the harmonicityof the nuclear response; giant dipoleresonances reflecting properties of hot nuclei; detailedstudies of the damping mechanisms usinghigh-resolution strength-function measurements;first attempts to access the multipolecontinuum strength of exotic unstable nuclei.A special class of resonances is induced bythe orbital motion of nuclei within the nucleus.Experimentally, they are best studied with highresolutionphoton and electron scattering. Recentexperimentally confirmed examples are amagnetic dipole mode in deformed nuclei correspondingto a scissors-like vibration of theneutron against the proton distribution, a magneticquadrupole twist mode, and a low-lying

                                                    

                                                    6. Nuclear Structure 109*LDQW 5HVRQDQFHV DQG ([RWLF 1XFOHLGiant resonances in atomic nuclei are collective states built by a coherent motioninvolving many nucleons. The past decade has witnessed the discovery of newphenomena and answers to long-standing questions, and first attempts involvingexotic nuclei have been undertaken.σ (γ,xn) (mb)1016 OPhoto-neutron cross sections (the giant-dipole resonance) for the stable N=Z 16 Onucleus and the very neutron-rich 20,22 O are compared. Absorption of real photons isused for 16 O while absorption of virtual photons from Coulomb collisions of 500-600MeV/u beams on a lead target is used for 20,22 O . For the latter two isotopes, thedipole strength appears to be strongly fragmented and extends down to lowexcitationenergies. The smooth curves represent shell-model calculationsperformed within a large basis. The proton separation energy threshold is indicatedwith an arrow (γ,p).σ (γ,xn) (mb)010(γ,p)20 OIn very neutron-rich nuclei with loosely bound valence neutrons, non-resonantelectric multipole strength close to the particle threshold develops. Such a thresholdstrength was observed in light neutron-rich (halo) nuclei. Accordingly, neutroncapturerates increase, which is of relevance to some nucleo-synthesis processes.σ (γ,xn) (mb)01022 O(γ,p)010 20(γ,p)E (MeV)Neutron-skin thickness (R n-R p) of tin isotopes as a functionof mass number. The full circles, triangles and squares withtheir error bars are obtained from ( 3 He,t) charge-exchangereactions, inelastic α scattering and from antiprotonabsorption, respectively. The numbered curves are resultsof relativistic (1-3) and non-relativistic (4-6) calculations.electric dipole resonance with toroidal velocitydistributions. Their existence is of fundamentalinterest because they prove that the macroscopicresponse to the excitation of giant resonancescorresponds to that of an elastic mediumrather than a fluid. Furthermore, such modesare predicted (and partially already experimentallyconfirmed) as global phenomena in manybodysystems like atomic clusters, Bose-Einsteincondensates, atomic Fermi gases and quantumdots.The isovector giant dipole resonance, owingto its specific selectivity in the γ-decay channel,was observed in hot and rapidly rotating nucleiand has helped to elucidate the bulk propertiesof (highly) excited nuclear systems. Informationwas deduced on the evolution of the nuclearshape with temperature and spin, and phenomenasuch as shape transitions and shape fluctuationswere observed. In contrast, the rate atwhich collisional damping proceeds was foundto have a rather weak dependence on temperature.In order to pursue such experiments, therelevant techniques need to be more refined andhighly selective. γ-ray detection devices withhigh efficiency, high multi-hit capability, and fullsolid-angle coverage, such as the γ-ray trackingdevice AGATA, would provide a much betterdefinition of the excitation energy and spin domainsfrom which the giant resonance decay occurs.Giant resonances in exotic nuclei are atopic of current and future interest in nuclearstructurephysics. A considerable amount oftheoretical work is being devoted to this subject.On the experimental side, however, the availableinformation is rather scarce. The appealing featureof giant resonance studies in unstable nucleiis that bulk properties of proton-neutron asymmetricnuclear matter can be studied. For example,the thickness of neutron skins can be derivedfrom the excitation of the isovector giant dipoleresonance by isoscalar probes (e.g. inelastic αscattering) and from the excitation of the isovectorspin-dipole resonance in charge-exchange reactions.Such measurements have recently been

                                                    

                                                    110 6. Nuclear Structureperformed, although only in stable nuclei only.Some of the new features predicted to occur invery neutron-rich nuclei are illustrated (see box“Giant Resonances and Exotic Nuclei”). Anapproach to study giant resonances using secondarybeams of unstable nuclei was, until now,hampered by low luminosities and the lack ofappropriate instrumentation. At present, onlythe dipole strength distribution can essentiallybe mapped, by utilising virtual photon absorptionor virtual photon scattering in heavy-ionCoulomb excitation of unstable nuclear beamsat intermediate to high energies. This can bedone even at low beam intensities, as was provenin pioneering experiments at GSI and MSU.Giant resonances are of paramount importantfor nuclear astrophysics. Often, relevantreaction rates under astrophysical conditionsare dominated by giant-resonance contributions,frequently in unstable nuclei. For instance,neutron-rich nuclei with loosely bound valenceneutrons may exhibit very strong (γ,n) strengthcomponents near particle threshold and thus,in turn, enhanced neutron-capture rates. Reactionsmediated by the weak interaction alsoplay a decisive role in many astrophysical scenarios.Prominent examples are electron captureand β-decay, both processes governed byGamow-Teller (and Fermi) transitions. Implementationof new probes such as (d, 2 He) and( 3 He,t) facilitates the determination of these reactionrates. Magnetic resonances also governneutrino-induced reaction rates on nuclei,e.g. those relevant in certain r-process scenarios.Large-scale shell model calculationsin hand with high-quality data, e.g. from( 3 He,t),(d, 2 He), (⃗p, ⃗p ′ ) and (e,e’) experimentswhich have become feasible recently, should providereliable nuclear-structure input.The next-generation radioactive ion-beamfacilities will allow unprecedented measurementsdue to the implementation, in particular, of thestandard tools in giant-resonance studies, i.e.,inelastic electron scattering and scattering onlight nuclei (p, d, 4 He,..). Promising experimentalschemes in that respect, involving storagecoolerrings and intersecting electron colliders,are envisaged in new projects at RIKEN andGSI.6.4 Instrumentation and facilities:current status and developments6.4.1 Instrumentation and facilitiesThe continuous development of beams and instrumentationhas been crucial for nuclearstructurestudies. Whenever innovative experimentaltechniques for accelerating and/or detectingparticles and radiation have been developed,new and quite often unexpected featureshave shown up. In that respect, it is of utmostimportance to invest in new experimentalideas and technologies in order to expose nucleito external probes and study their response underextreme conditions, i.e., by heating the nucleus(temperature degree of freedom), by bringingangular momentum to the nucleus (rapidlyrotating nuclei), by forming very proton- orneutron-rich nuclei (approaching and mappingthe drip-line regions) etc. It is developmentssuch as these which have led to the experimentalfindings that have guided the field. Many ofthem are the result of studies with stable isotopebeams and, the continuing importance of thesefacilities to the field must not be overlooked.Indeed, a new heavy ion-beam facility with atleast one order of magnitude higher intensitythan previously available would be of particularvalue, for example to facilitate the continuationof the SHE programmeme or in the study ofvery proton-rich nuclei produced by cold-fusionreactions.Nevertheless, despite the many achievementsand continuing requirement for stable isotopebeam facilities, the discussion in the previoussections indicates that the major future developmentscentre on the production of energeticradioactive ion beams. Over the lastdecade our research community has undertakenthe development, implementation and exploitationof the necessary new techniques, resultingin the commissioning of first generation radioactiveion beam facilities and the upgradeof existing facilities. The In-Flight facilitiesin Europe at GANIL and GSI, together withtheir counterparts at RIKEN, Japan, and MSU,USA, developed methods for extracting significantnuclear-structure information from scatteringexperiments with intermediate-to-high en-

                                                    

                                                    6. Nuclear Structure 111ergy secondary beams of unstable nuclei, althoughrestricted to nuclear masses up to A≈ 50. In Europe as well, after the pioneeringefforts in Louvain-la-Neuve in post-acceleratingISOL beams, two new ISOL-based RIB facilitieshave produced their first results (see box “FirstResults from SPIRAL and REX-ISOLDE”) andthe Munich project (MAFF) is under construction.Together with the facilities at Triumf,Canada, and Oak-Ridge, USA, these acceleratorcenters will form the basis of radioactive ionbeamresearch in the short term future.The community is preparing for the nextgeneration of radioactive beam facilities and instrumentation.From an experimental point ofview, a “figure of merit” can be defined as consistingof three parts:• Intensity: related to the secondary beamintensity.• Selectivity: related to the purity of thesecondary beam as well as to the resolvingpower of the experimental equipment.• Sensitivity: related to the efficiency of thedetection systems and their ability to delivercomplete experimental information.An increase in this “figure of merit” by severalorders of magnitude is aimed for. This willinvolve a large number of technological challengesmost of which have been identified andfor certain cases major R&D work is needed tofind suitable solutions. Also, dedicated set-upsat accelerators available for extended beam-timeperiods at specific and difficult experiments thatrepresent a breakthrough in nuclear-structureresearch are needed.6.4.2 Production of radioactive ionbeamsBeams of exotic nuclei can be produced in twocomplementary ways: the ISOL method andthe In-Flight separation method (see <strong>NuPECC</strong>report on Radioactive Nuclear Beam Facilities2000).The ISOL method produces unstable nucleiin reactions such as spallation, fusion evaporation,fission or fragmentation reactions inducedby neutrons, protons, heavy ions, electrons orγ. The reaction products are stopped in a thicktarget that is kept at a high temperature to allowthe radioactive isotopes to diffuse out of thetarget matrix and towards the ion source. Afterionisation, the ions are extracted, modestlyaccelerated (typically to an energy of about 50keV) and mass separated. In certain cases thislow-energy ion beam is, after cooling and chargestatebreeding, further accelerated for reactionstudies.The In-Flight method relies on heavy-ion fusionevaporation, fragmentation or fission reactionson relatively thin targets. Due tothe reaction kinematics, the secondary reactionproducts leave the target at a velocity predeterminedby the primary beam thus furtheracceleration is not required. The secondarybeams are purified in an in-flight separator usingelectric and magnetic fields. In some cases thespecific energy loss difference (dE/dx) for thedifferent elements is used for further separation.Depending on the experimental requirements,the ion beam can subsequently be injected intoa storage ring.Substantial R&D work has to be accomplishedin view of the next generation radioactivebeam facilities such as the “InternationalAccelerator Facility for Beams of Ions and Antiprotons”(at GSI) and the “European IsotopeSeparator On Line” (EURISOL). Here, only themajor tasks only are itemised:• High-intensity driver accelerators are theessential pre-requisite for reaching out farinto the yet unexplored territories of exoticnuclei. Future In-Flight facilities, linacs(EURISOL, RIA), multi-stage cyclotrons(RIKEN) and synchrotrons (GSI) are underconsideration. Aside from intensity, thedriver concept needs to be concerned with aspectssuch as beam energy, quality and timestructure, all of which are important for thesecondary-beam experiments. The GSI conceptrelies on a double-ring synchrotron providingbeams of exotic nuclei up to about 1.5

                                                    

                                                    112 6. Nuclear StructureGeV/u in quasi-continuous or alternativelyin pulsed mode operation. The later is essentialfor an efficient injection into the storagecoolerring system allowing new types of experiments.The EURISOL scheme is based on a 1 GeV,4 MW, continuous-wave proton linac. Usingthe full power of the proton beam, veryhigh fluxes of neutrons will be produced ina spallation target which in turn will inducefission of uranium. Part of the proton beamcan also be directed onto a heavy target producinglarge quantities of (mostly) protonrichexotic nuclei. The secondary beams willbe post accelerated to a wide range of energies:from a few tens of keV up to about 10MeV/A, and for masses ≤ 100 to about 100MeV/A.• Different scenarios for high-power productiontargets are being developed includingproton-to-neutron converters in case of ISOLor thin targets sustaining the extreme peakpower in pulse mode operation for storagering applications. These studies need to includethe important subject of radioactivewaste handling.• For the new RIB facilities at GANIL andISOLDE, charge-state breeders based onElectron Cyclotron Resonance (ECR) andElectron Beam Ion Sources (EBIS) havebeen constructed. Their performancesshould be explored to plan the way forthe second-generation facilities. Scenariosfor efficient 1 + charge state accelerationshould be investigated. As experiments dependstrongly on the quality of the deliveredspecies R&D programmes were initiatedand have achieved some impressive successes.High-quality, cooled beams can now be madeavailable through RF coolers and Penningtraps. In combination with laser ionisation,beams of high purity are produced a crucialfactor when going towards the drip lines. Investigatingand overcoming the present limitationsshould be pursued.• Fragment separators of near 100 % acceptanceare needed; a particular challenge inthe case of secondary beams produced byin-flight fission of a primary uranium beam.Due to the fission kinematics, large aperturesare required and the technical solutionpresumably involves super-conductingmagnetic structures. In the case of inflightseparation, high primary beam energies,around 1 GeV/u, avoid multiple atomiccharge states and thus provide optimal conditionsfor beam transmission and purification.• The development of storage rings with subsecondcooling times to explore the shortestlivednuclei has to be considered. This coolingtime is presently the limiting factor inthe ability of storage rings to reach such nuclei.Stochastic pre-cooling combined withelectron cooling in separate rings, as envisagedin the accelarator concept at GSI, mayprovide a solution.• A new route towards combining the benefitsof the ISOL (e.g. good beam quality) andIn-Flight techniques (e.g. short delay times)will be explored using a large gas cell coupledto a fragment separator as proposed for RIA.Fragments are stopped after range bunchingin the gas cell and are then guided towardsthe exit hole using RF and DC electric fields.After extraction, the beam will be cooledusing gas filled RF structures and preparedfor further acceleration or deceleration. Thismethod offers significant potential and itsfeasibility should therefore be tested and initialexplorative experiments performed.Finally, the availability of parallel multiplebeams in order to perform a number of differentexperiments at the same time should be incorporatedin every new facility. The planned experimentswill become more and more complexand require a substantial increase in the amountof beam-time. This demand can only be met ifsufficient access to parallel beams is provided.6.4.3 InstrumentationThe existing instrumentation should be furtherimproved and optimised. At in-flight separatorsrecoil proton- or α-decay tagging has

                                                    

                                                    6. Nuclear Structure 113been optimised and proven to be very efficientat extracting information on nuclei producedin extremely weak reaction channels. Sofar, this was mostly combined with γ-ray arraysbut recently, efficient electron detectors forconversion-electron spectroscopy have been includedproducing some tantalising results. Usingthese techniques, excited states of, for example,proton-unstable nuclei, extremely neutrondeficientnuclei along the Z=82 closed shelland SHE have been identified (see e.g. box“Super-Heavy Elements”). As a next step, compactmulti-purpose focal-plane detection systemsthat allow tagging on different kinds ofradiation (like protons, α’s, electrons, β’s andγ’s) aimed at studying the decay of extremelyshort-lived isomers and ground states (for examplethe GREAT array) are being developed.The advancement of broad range, large acceptance,ray-tracing spectrometers is another essentialrequirement for this endeavor.The field of γ-ray spectroscopy stands at theverge of a major breakthrough with the developmentof electronically segmented germaniumdetectors and digitised electronics. First resultswith the MINIBALL and EXOGAM detectorsin Europe and other arrays elsewhere haveshown very promising results. Ultimately thesedevelopments will lead to γ-ray tracking that increasesthe sensitivity of this technique by atleast one order of magnitude. Projects like theAGATA array are moving in this direction.Experiments with unstable nuclei stored inhigh-energy rings will provide a new class ofnuclear-structure data. Due to luminosity constraints,so far essentially only non-destructivetechniques have been applied to stored beams ofexotic nuclei which are useful in mass and lifetimemeasurements. Given a drastic increase inbeam intensity, stored radioactive ions could beutilised in scattering experiments. The benefitswould be two-fold: elastic and inelastic scatteringand charge-exchange reactions on light (polarised)internal targets (H, He,..) in inversekinematics would allow us to probe the nucleusmatter distribution and to induce selectivelyspin-isospin excitations. Combining a heavyionstorage ring with an intersecting electronring, opens up the wide field of scattering experimentswith purely electromagnetic probes. Efficientand fast cooling forms the mandatory prerequisitfor these new classes of measurements.A new idea combining a low-energy muonand antiproton trapping facility with intensesecond-generation radioactive ion beams has recentlybeen suggested to explore the possibilitiesof new exotic probes such as muonic and antiprotonicradioactive atoms i.e. a radioactivesystem which contains an antiproton or a negativemuon in their atomic shell. In this way,unique information on the structure of exoticnuclei can be obtained. These very challengingideas should be considered very carefully andtheir feasibility explored.6.5 Opportunities and outlookThe study of the atomic nucleus has witnessedseveral major developments over the last decade.We have gained new insight into the dynamicsof atomic nuclei but unresolved problems remainand new ones have emerged. The developmentof new theoretical tools, the growing computingcapabilities, the pioneering work in radioactivebeamproduction and the ingenious developmentsin instrumentation give us confidencethat, during the next decades, nuclear-structureresearch will flourish and yield surprises. Thestudy of exotic nuclei in particular will shedlight on new aspects of nucleonic matter andpromises a much more comprehensive understandingof strongly-interacting many-body systemsin general. This research evolves more andmore towards international large-scale facilitiesbut, many experiments and important parts ofthe R&D-work are carried out by universitybasedgroups. The support of these groups includingtheir local infrastructure is therefore absolutelyessential for the success of the futurelarge-scale projects.Based on the evolution in our theoretical understandingof the atomic nucleus and on the developmentof experimental tools, we formulatethe following main priorities.• Vigorous exploitation of the existing acceleratorsand instrumentation

                                                    

                                                    114 6. Nuclear StructureThe competitive stable isotope beam and radioactiveion-beam facilities as well as instrumentationshould be fully exploited since, inaddition to the extracted physics results, majorbeam production and detector R&D canbe performed. These facilities will deliver theexperimental capabilities in the coming 5 to10 years and will serve as important trainingsites. Parallel to this, strong support shouldbe given to university-based nuclear-physicsgroups that are working at the frontiers ofnuclear-structure research.• Full support for the new GSI acceleratorcomplex and the EURISOL projectNuclear-structure research needs both, In-Flight and ISOL type facilities, due to theobvious complementary nature of both techniques.Highest priority should be assignedto the realization of the proposed internationalaccelerator complex at GSI includingits instrumentation. The high-intensity In-Flight radioactive beam facility incorporatedinto this project is based on solid foundationsformed from experience with the already existingIn-Flight facilities operated at GSI andelsewhere. Intensities of secondary beamsof exotic nuclei will increase by orders-ofmagnitudeand, the multi-storage ring conceptoffers experimental opportunities thatare unique worldwide. In any case, theproject is highly competitive in regard of correspondingefforts in Japan and USA. Undertechnological aspects, there are a numberof challenging issues but the overallconcept appears to be already very established.The ISOL-based facilities have producedtheir first results and have convincinglybeen shown to work. Still, substantialR&D work is needed for EURISOL, theEuropean ISOL-based RIB facility. Bridgingthe gap between now and the commissioningof EURISOL goes hand in hand with the necessaryR&D work. Therefore, the plannedprojects aimed at improving the existing RIBand experiments in Europe, involving accelerator,target and instrumentation developments(like, e.g., AGATA, MAFF, SPES,SPIRAL-II and REX-ISOLDE) should bestrongly supported. A conceptual designstudy as well as siting for the EURISOLproject should be made. For both facilities(GSI and EURISOL) the multi-user aspectshould be fully incorporated in order to meetthe anticipated beam-time demand.• Very strong support for rebuilding nuclearstructureand nuclear-reaction theory effortsIt has been recognized that in recent yearsnot enough attention has been paid to maintainingthe expertise and activity in nuclearstructureand reaction theory. The currentsituation requires vigorous and instant actionto ensure that the physics goals presentedin the LRP can be realized. Werecommend that provisions for constructingnew experimental facilities should guaranteean appropriate part for theory development,and that expansion of local theoreticalgroups should be encouraged. The verypositive role played in nuclear theory by theECT* centre in Trento is recognized and acknowledged,and the support for this centreshould be maintained and expanded.• Communicate the highlights to societyThe number of physics students and sciencestudents in general is in decline. Widespreadcommunication and explanation of the numerousimpressive results obtained in ourfield to the general public can be consideredas an important step in raising the publicawareness of, and level of interest in, nuclearphysics and, indeed, in physics in general.The nuclear-physics community should continueto support this activity. The realizationof larger-scale facilities and their physicsopportunities as suggested above ensure theintellectual challenges needed to attract andmotivate young and brilliant students.

                                                    

                                                    7. Nuclei in the Universe 1157. Nuclei in the UniverseConvenor: K. Langanke (Denmark);P. Corvisiero (Italy), D. Frekers (Germany), S. Goriely (Belgium),P. Haensel (Poland), W. Hillebrandt (Germany), J. Kiener (France),M. Lattuada (Italy), O. Sorlin (France)<strong>NuPECC</strong> Liaison: D. Guillemaud-Mueller (France), M. Huyse (Belgium)7.1 IntroductionThis report summarizes some recent highlightsand the present status of nuclear astrophysicsand evaluates its future prospects and needs.Nuclear astrophysics has developed in the lasttwenty years into one of the most important subfieldsof ‘applied’ nuclear physics. It is a trulyinterdisciplinary field, concentrating on primordialand stellar nucleosynthesis, stellar evolution,and the interpretation of cataclysmic stellarevents like novae and supernovae. It combinesastronomical observation and astrophysicalmodelling with meteoritic anomaly researchand with nuclear physics measurements and theory.In fact, it is this broad scope which fascinatesresearch in nuclear astrophysics and motivatesmany young researchers to start a careerin this field.The field has been tremendously stimulatedby recent developments in laboratory and observationaltechniques. The rapid increase insatellite observations of intense galactic gammasources,observation and analysis of isotopic andelemental abundances in deep convective RedGiant and Asymptotic Giant Branch (AGB)stars, and abundance and dynamical studies ofnova ejecta and supernova remnants allow theplacement of stringent limits on the various stellarand nucleosynthesis models. Also, the latestdevelopments in modelling stars, novae, X-raybursts, and supernovae allow now much betterpredictions from nucleosynthesis calculations tobe compared with the observational data. Newspectroscopic capabilities have become availableon the Hubble Space Telescope, and throughnew large telescope facilities like the VLT andthe Keck. Highlights with significant public attentionwere the high redshift supernova searchand its implication for the structure and dynamicsof the Universe as well as the proof of oscillationsfor solar neutrinos on their way from thesolar core to earth by earthbound detectors.This solution to the solar neutrino puzzledoes not only open the door to new physicsbeyond the standard model of particle physics,it also confirms the predictions of the solarmodels including their nuclear physics input.The latter included the measurement of the3 He( 3 He,2p) 4 He reaction cross sections at theGran Sasso low-energy underground facility.This milestone of nuclear astrophysics constitutesthe first direct measurement of a reactionrate at stellar energies. Other highlightsof experimental nuclear astrophysics includethe development and successful use of novelneutron-time-of-flight facilities at Los Alamosand CERN, which allow to determine neutroncapture cross sections for the s-process with unprecedentedprecision, the high-accuracy massmeasurements of many unstable nuclei at GSI,ISOLDE and GANIL, the determination of morethan 30 new half-lives for neutron-rich nucleion the r-process path, and the precision measurementsof spin-isospin responses in nuclei atKVI Groningen and Osaka, which are importantinputs in supernova simulations and forsupernova neutrino detectors. A new era ofnuclear astrophysics has started with the useof radioactive ion-beam accelerators dedicatedto the measurement of astrophysically relevantnuclear reactions involving short-lived nuclides.This field has been pioneered by the Louvain-la-Neuve facility, at which in the last 10 years sev-

                                                    

                                                    116 7. Nuclei in the Universeeral important low-energy nuclear reactions forexplosive astrophysical environments have beenstudied. New installations are now operationalat Louvain-la-Neuve, TRIUMF, GANIL and atCERN. They will allow to determine some ofthe most important reaction rates for the nuclearnetworks in novae and X-ray bursters. Thenext generation of radioactive ion-beam facilities,planned and proposed in Europe (GSIand EURISOL), in Japan and in the USA, willthen allow to produce and experiment with mostof the astrophysically important short-lived nuclides,promising to remove the most crucial ambiguitiesin nuclear astrophysics arising from nuclearphysics input.In many of the astrophysical models, nucleartheory has to bridge the gap between experimentaldata and astrophysical applications. Here,we clearly stand at the eve of a new era as therequired step can now be taken on the basisof first-principle theoretical models rather thanby empirical parametrization of the data. Thisshould reduce the uncertainties connected withthe extrapolations into yet unexplored parts ofthe nuclear chart in the near future, thus goingtimely hand-in-hand with the experimentaldevelopments.Nuclear astrophysics has benefitted enormouslyfrom the progress in astronomical observation,astrophysical modelling and nuclearphysics. But many fundamental open questionsremain. Given the unique interdisciplinary natureof the field, a global understanding canonly be achieved by combined and coordinatedefforts in the three subfields. Clearly, nuclearphysics plays a central role in this endeavour.It is the aim of this manuscript to identify theneeds and prospects of experimental and theoreticalnuclear astrophysics for the next 5 years.To underline the interdisciplinary character andthe supplementing role of astrophysics and nuclearphysics we first identify current and futuredevelopments of astrophysical observationand modelling, which will stimulate the nuclearphysics programme, but also benefit from it.This programme is then individually describedin the major subfields of nuclear astrophysicsand the future prospectives and needs are derived.7.2 Stellar physics and nuclear astrophysics7.2.1 Stellar physicsOver the last decades, stellar physics has evolvedinto a field of research that uses high-precisiondata obtained by new generations of groundbasedand space telescopes in all wavelengthbands. Another basic ingredient is provided bynuclear data and detailed numerical models tostudy fundamental physics problems under conditionsnot reachable in laboratory experiments.These include the properties of neutrinos, theorigin and abundances of the chemical elements,and the evolution of galaxies and of the Universeas a whole.Structure and evolution of stars. Starsare an important component of the Universe anda major source of information about its structureand history. Due to much improved telescopesand their instrumentation, stellar propertiescan be measured with ever increasing precision.These advances are accompanied and completedby realistic stellar models. One exampleis the highly accurate solar model produced independentlyby several groups. Helioseismologyallows to measure the sound velocity as a functionof radial position, and thus the temperatureand density, to better than 1% through mostof the sun’s interior. The new “Standard SolarModel”, constructed on the basis of standardphysics input (equation of state, nuclear reactionsand initial composition, opacities, mixinglengththeory of convection, etc.), reproducesthe results of helioseismology extremely well.The recent confirmation of neutrino flavour oscillationsby the Sudbury Neutrino ObservatorySNO, making use of the sun as a well-calibratedneutrino source, is a major break-through in ourbasic understanding of neutrino physics.EDDINGTON, an ESA mission to belaunched in 2007, will allow to extend high precisionstellar oscillation measurements to manystars in our cosmic neighborhood and to put thetheory of stellar structure and evolution on amuch improved empirical basis. Some of the nuclearreaction rates needed for the stellar mod-

                                                    

                                                    7. Nuclei in the Universe 117els still carry significant uncertainties which certainlyshould be removed in the future.Nuclear abundances in stars. With the increasingquality of stellar atmosphere modelsand the use of new telescopes and spectrographs,detailed abundance determinations in individualstars have become an important constraintin nuclear astrophysics. An outstanding exampleare the elemental (and some times evenisotopic) abundances observed in many (ultra-) metal-poor giant stars. Here one avoids thecomplicated problem of chemical evolution andinfers constraints on nucleosynthesis sites fromthe observed abundances in very old stars sincetheir abundances have been polluted by only oneor at most a few supernovae. Because of theirlow heavy element content, in particular iron, itis relatively easy to detect un-blended spectrallines of elements with mass-numbers exceedingeven 50 in those stars.It has been found that a certain class of verymetal-poor stars with iron abundances of onlyabout 10 −3 of the sun contains no s-process material,but the r-process nuclei are sometimesover-abundant in these stars by up to a factorof 50 (relative to iron). Even more surprising,in all these cases the heavy r-process nuclei withA>130 follow almost exactly the solar systempattern. On the other hand, the overall elementalabundances in these stars appear to be nonsolar,even for the main components such as theCNO-group and α-capture elements.Stellar diagnostics and extragalactic stellarastronomy In the current era of 8 and10 meter-class telescopes, it has become possibleto apply precise stellar diagnostics also toexternal galaxies. Recently new tools have beenestablished to study the chemical evolution ofgalaxies and, in addition, provide promising newextragalactic distance indicators. In the comingyears, high-resolution spectroscopy and imagingphotometry by space-based telescopes will expandthe astronomical data base even further inall wavelength bands. ESA’s infrared satelliteHERSCHEL has the potential of discovering theearliest epoch of proto-galaxies. Its main scienceobjectives emphasize the formation of stars andgalaxies, and the interrelation between them,but also include the physics of the interstellarmedium and astrochemistry. NGST, the followupmission of HUBBLE, will shed light on the“Dark Ages of the Universe” by observing infraredlight from the first generations of starsand galaxies. XMM-Newton, already in orbit,and XEUS, with a possible launch in 2015, willgive X-ray data of similar quality.Again, the basic building blocks for interpretingthese data are stars and the gas in betweenthem. These observations will shed lighton the evolution of the chemical elements overthe past 12 billion years in an unprecedentedway, delivering the benchmarks nucleosynthesismodels will have to match.7.2.2 Late Stages of Stellar Evolutionand Neutrino AstrophysicsFor several decades, these branches of astrophysicshave been very successful areas of research.Highlights include the constructionof realistic models of thermonuclear and corecollapsesupernovae, detailed investigations ofnuclear burning in exploding stars, and the computationof nuclear abundances of the ejecta, includingthose of neutron-rich r-process isotopesof the heavy elements.This progress was driven by advances innuclear physics (weak and strong interactionrates, nuclear equation of state, neutrino processes),high performance scientific computing(2- and 3-dimensional hydro- and magnetohydrodynamics,neutrino and radiation transport)advanced by the development of new numericaltools and the increasing power of modernsuper-computers and, of course, by new observationalfacts, discovered by large groundbasedtelescopes and space missions, such asCompton GRO, Chandra and XMM Newton,and the Hubble Space Telescope. A few outstandingexamples are reviewed in the followingsubsections.Core-collapse supernovae and nucleosynthesisDespite considerable progress, the

                                                    

                                                    118 7. Nuclei in the UniverseFigure 7.1: Artist impression of the INTEGRALsatellite. It combines unprecedented angular resolution(12 arcmin with the imager IBIS) and energyresolution (2.3 keV at 1.3 MeV with the spectrometerSPI) for gamma-ray astronomy. Among the scientificobjectives are the galactic distribution of radioactiveisotopes synthesized in stars, novae and supernovaexplosions and γ-rays from cosmic-ray interactions.(Courtesy of ESA/INTEGRAL)physics of core-collapse supernovae and their nucleosynthesisremains to be an active field of research.Still open questions related to the debatedexplosion mechanism include the interactioncross sections of neutrinos in dense nuclearmatter and the necessity to develop new methodsto calculate their transport. However, someconfirmation of the general picture is supplied bythe detection of γ-ray lines of a few radioactiveisotopes in supernovae, supernova remnants andthe distribution of 26 Al in the disk of our MilkyWay galaxy.The field will certainly profit from the nextgeneration of γ-ray instruments and in particularINTEGRAL, launched on October 17, 2002(Figure 7.1). They will provide informationabout in-situ abundances of radioactive isotopesin explosive nucleosynthesis events and, thus,about the physical conditions in their deep interiors.The next generation of gravitational waveexperiments either on ground (LIGO II, EURO,VIRGO) or in space (LISA) may allow us to mapthe dynamics of a star collapsing to a neutronstar or a black hole.γ-ray bursts Neutrinos and dense nuclearmatter also play an important role in mergersof two neutron stars and of a neutron star and ablack hole. In these events, dense nuclear matteris heated to tens of MeV and most of thisenergy is emitted in form of weakly interactingparticles. It is believed that the annihilationof neutrinos into e + e − pairs may give rise toγ-ray bursts and may explain the “weak” subclassof the observed bursts. Of course, state-ofthe-artsimulations of such mergers have to bedone in three spatial dimensions with all the relevantmicro-physics and General Relativity included.Similarly, the collapse of rotating extremelymassive stars to black holes, thought tobe the cause of the class of very energetic γ-raybursts, requires the same kind of micro-physics.Here a combination of optical observations ofγ-ray burst after-glows, carried out by robotictelescopes, X- and γ-ray observations withspace-based telescopes, gravitational wave and,possibly, neutrino detections may allow us tobetter understand these most powerful explosionsin the Universe.Thermonuclear flashes and explosionsThe most interesting applications of explosivethermonuclear burning in binary stars are novae,X-ray bursts, and (type Ia) supernovae. Forboth, novae and X-ray bursts, the fusing mattertends to be proton-rich, many of the nucleiinvolved are unstable, and their reaction rates,which drive the burning, are not or only poorlyknown. The combined efforts of new X-ray telescopesin orbit, radioactive ion-beam facilities,which will allow to determine reliable reactionrates of short-lived proton-rich nuclei, and improvednumerical models certainly will lead tomajor break-throughs.For type Ia supernovae, the main questionis how a thermonuclear burning front, whichfuses carbon and oxygen mostly into 56 Ni, propagatesin the degenerate matter of a massivewhite dwarf. As far as nuclear reactions are concerned,type Ia supernovae are fairly well understood,with the exception of certain weak rateswhich, however, have little impact on the explosionphysics, but affect the elemental abundancesof the ejecta. However, these supernovaehave attracted considerable interest since theyare thought to be good tools to measure cosmologicalparameters. Observations of this particularclass of supernovae at high redshift seem toindicate that the expansion of the Universe is

                                                    

                                                    7. Nuclei in the Universe 119accelerating, possibly due to a positive cosmologicalconstant or a new form of “dark” energy.Nuclear physics should try to explain the observedproperties of neutron stars: this is ourchallenge. On the other hand, observations ofneutron stars can be used to test and to constrainnuclear theory under extreme astrophysicalconditions, which are far from the laboratoryones: these are our chances.Neutron stars Neutron stars are unique“cosmic laboratories” in which our theories ofdense nuclear matter at densities exceeding 10 15g/cm 3 are used to construct stellar models andcan then be confronted with astronomical observations.Recently launched X-ray and gammarayobservatories, such as RXTE-Rossi, AXAF-Chandra, and XMM-Newton have led to manyremarkable discoveries: the kHz oscillationsin low-mass X-ray binaries, numerous neutronstars in the type II supernova remnants, precisespectra of the surface radiation of solitary andbinary neutron stars, and bursting millisecondpulsars. The number of observed neutron starswill soon reach two thousand. Still, this is atiny fraction of the 10 8 neutron stars expectedto exist in our Galaxy.Precise mass determinations of neutron starsin binary systems are known since several years,the most famous being the Hulse-Taylor binarypulsar PSR 1913+16, for which the masses ofboth neutron stars are known to better thana few %. However, recent studies of the spectraland temporal properties of X-ray bursts observedfrom objects such as Cygnus X-2 withRXTE-Rossi allow for the first time to obtainalso a reliable determination of the mass-radiusrelation of neutron stars. Similarly, massesand radii of nearby isolated X-ray sources suchas RX J185635-3754 can be determined fromtheir multi-wavelength spectral energy distribution.Finally, the near-constancy of the highestobserved frequencies of the quasi-periodicoscillations of low-mass X-ray binaries, interpretedas being due to the orbital frequency of amarginally stable orbit, gives strong constraintson both masses and radii of their compact companions.All these observations and their interpretationwill put our knowledge of the propertiesof neutron stars on a firm empirical basis.7.3 Hydrostatic burning7.3.1 Nuclear processes during hydrostaticburningStars generate the energy, which allows them tostabilize and shine over lifetimes from millionsto billions of years, by nuclear reactions in theirinterior. Simultaneously, the network of nuclearreactions operating in the hot, dense stellar interioris believed to be the source of nuclides ofmass A ≥ 12. The fate and evolution of stars dependstrongly on their mass at birth. Stars withmasses less than ∼ 8M ⊙ reach temperature anddensities in the center which only suffice to ignitethe first two hydrostatic burning stages, hydrogenand helium burning. Mainly because oftheir enormously shorter lifetimes, massive stars(with masses exceeding about 13 M ⊙ ) were, andare still, the most efficient breeders of the heaviestelements. After helium burning, these starsgo through periods of carbon, neon, oxygen, andsilicon burning in their central core, before theprocession of nuclear core burning stages ceases,resulting in the collapse of the stellar core andthe explosion of the star as a Type II supernova.Obviously, the star for which the best andmost detailed data exist is our sun. Thus, it isnatural that our general understanding of stellarstructure and evolution be checked in detailagainst solar observations. Historically an outstandingrole has been played by the detection ofthe neutrinos, which are generated by the varioushydrogen burning chains operating in thesun’s interior, and the quest to understand whythe observed flux of solar neutrinos is less thanpredicted by the standard solar model. The solutionto this famous solar neutrino puzzle wasdelivered by the Sudbury Neutrino Observatory(SNO) which experimentally proved the existenceof oscillations for solar neutrinos. Furthermore,the SNO measurements, together with thehigh-precision helioseismology data, confirm thepredictions of the solar models and their nuclearphysics inputs. This, however, does not meanthat more precise determinations of the solar

                                                    

                                                    120 7. Nuclei in the Universenuclear reaction rates are no longer needed. Onthe contrary, the aim is now to turn the suninto a calibrated neutrino source which allowsus to convert the measured solar neutrino eventrates into information about neutrino massesand mixing parameters. This requires an evenmore precise knowledge of the various nuclearreaction rates in the sun!The determination of stellar fusion rates interresterial laboratories is strongly hampered bythe fact that stars, including our sun, burn theirnuclear fuel at such low energies that the crosssections, due to the Coulomb repulsion of thetwo colliding nuclei, are extremely small. Tomeasure such cross sections requires acceleratorswith very high intensities and a very efficientbackground suppression. Despite enormous experimentalefforts in the last decades, a directmeasurement of stellar cross sections has beennearly impossible, and data, obtained at higherenergies than those needed in stars, have to beextrapolated down to the stellar energy range.Such a procedure can obviously have considerableuncertainties. To reduce these uncertaintiesor to circumvent the notorious extrapolationprocedure at all, considerable efforts have beenspent in recent years to push the experimentallimits to lower and lower energies and, simultaneously,to develop new indirect approaches todetermine the required rates at stellar energies.The underground LUNA laboratory at theGran Sasso is an extremely background free facilitydedicated to the measurement of astrophysicallyimportant low-energy nuclear crosssections. As a milestone, it has been possibleat LUNA with the original 50 kV acceleratorto directly determine the rates ofthe 3 He( 3 He,2p) 4 He and d(p,γ) 3 He reactions atthose energies at which these reactions operatein the core of the sun (Figure 7.2). Following therecommendations of the last <strong>NuPECC</strong> report, anew 400 kV accelerator, which will be dedicatedsolely to the study of astrophysically importantfusion reactions, has recently been installed.LUNA will determine the fusion rates of keyreactionsin quiescent stellar burning with significantlyimproved precision. A prominent exampleis the 3 He( 4 He,γ) 7 Be reaction rate whichis directly proportional to the flux of the highenergy8 B neutrinos from the sun and henceis essential for the analysis of the observed solarneutrino fluxes in terms of neutrino massesand mixing parameters. Detailed studies ofmany reactions of the NeNa and MgAl cycles,which operate during hydrogen burningin stars more massive than the sun, should beperformed. In particular, a precision measurementof the 25 Mg(p,γ) 26 Al cross section can contributeto the solution of the astrophysical originof 26 Al. In the future, the installation of a highcurrent5-MV accelerator in the LUNA laboratoryis desired. Among other important reactions,such a machine would allow the precisionmeasurement of the rates for the 13 C(α,n) 16 Oand 12 C(α,γ) 16 O reactions, where the first is importantfor studies of s-process nucleosynthesis.The fusion of 4 He and 12 C nuclei to 16 Oisthe most important nuclear reaction in the developmentof massive stars. It occurs duringthe helium burning stage of Red Giant starsand its reaction rate decisively influences thesubsequent stellar evolution, including the corecollapse and the supernova explosion. Furthermore,this rate determines the abundances ofthe two brickstones of life, carbon and oxygen,in the Universe. Despite enormous efforts andsignificant progress made in several laboratoriesaround the world in measuring the relevant lowenergyelastic and capture cross sections, thestellar 12 C(α,γ) 16 O rate is still not known withthe required accuracy of ≈ 20%. Further improvedmeasurements are needed. Besides directmeasurements with a future 5-MeV acceleratorat LUNA down to energies of about 500 keV(which is still higher than the energy of 300 keV,at which this reaction burns most effectively inRed Giants), crucial information to reduce theuncertainty in the rates can come from measurementsin inverse kinematics or via indirect techniqueslike Coulomb dissociation or using highintensityphoton sources. Here, a new experimentalapproach is already undertaken at the 4MV Dynamitron tandem accelerator in Bochumusing the European Recoil separator for NuclearAstrophysics (ERNA). In this approach, the reactionis initiated in inverted kinematics, i.e. a12 C ion beam is guided into a windowless 4 He

                                                    

                                                    7. Nuclei in the Universe 121Figure 7.2: Reaction cross sections, expressed in terms of the astrophysical S-factor, for the 3 He( 3 He,2p) 4 He(right) and d(p,γ) 3 He (left) reactions. It has been possible at the underground laboratory LUNA to directlymeasure these cross sections at solar energies (solar Gamow peak). (Bonetti et al., PRL 82 (1999) 26)gas target and the 16 O recoils are counted in atelescope placed in the beam line at the end ofthe separator.The determination of low-energy cross sectionsfrom the observed reaction yield requires aprecise knowledge of the effective beam energy.Energy loss effects in the target as well as screeningeffects of the target and projectile electrons(see below) on the reaction cross section have tobe well under control. This is particularly importantas such effects, if inaccurately corrected,will be amplified in the required extrapolationof the data to stellar energies. Recently, unexplainedeffects have been reported in the lowenergymeasurements of stopping powers andelectron screening. It is important that theseeffects are confirmed and understood, requiringfor example precision measurements of stoppingpowers at energies below the Bragg peak.In recent years several indirect methods,which can avoid some of the apparent difficultiesencountered in the direct approaches todetermine astrophysically important low-energycross sections, have been proposed and developed.In the Coulomb dissociation method,which can be viewed as the inverse of a capturereaction, a nucleus is dissociated by thevirtual photons created in the strong Coulombfield of a heavy nucleus. Supplemented by considerabletheoretical progress in modelling the3-body process, Coulomb dissociation experimentshave contributed to reduce the uncertaintyin the solar 7 Be(p,γ) 8 B fusion rate. Althoughthis method can only provide partial informationabout the capture process; i.e. it canonly determine the radiative capture cross sectionto the ground state of the compound nucleus,there are several astrophysically interestingreactions where this technique can providevaluable data, in particular if it can be appliedto short-lived radioactive ion-beams.For certain non-resonant radiative capturereactions, the capture process occurs at suchlarge separations of the fusing particles that thereaction can be viewed as an external processwhich is solely determined by the asymptoticbehavior of the nuclear wave functions in theinitial scattering and in the final bound state.Then, the only unknown required to determinethe astrophysically important low-energy crosssection is the asymptotic normalization coefficient(ANC) of the final bound state, which canbe indirectly determined in properly chosen peripheraltransfer reactions. Such an approach,called the ANC method, has been recently developedand was successfully tested and appliedto several astrophysically interesting reactions.In the Trojan Horse (TH) method, originallydeveloped at the LNS in Catania, an astrophysicallyrelevant reaction a(A,B)b is studied via a

                                                    

                                                    122 7. Nuclei in the Universethree-body reaction x(A,Bb)c, in which the projectilex is well clustered into x=c+a. For appropriatelychosen incident beam energies, the3-body reaction can be viewed as a quasi-freebreak-up mechanism, in which the cluster c behaveslike a spectator and does not affect theinteraction between the fragments a+A. Undersuch conditions the desired a(A,B)b cross sectioncan be deduced from the measured 3-bodyreaction yield. By properly balancing the Fermimotion of the cluster ‘a’ in the nucleus x withthe incident beam energy, which can be chosenabove the respective Coulomb barrier, the THmethod is able to measure fusion cross sectionsat very low energies. Supplemented by importanttheoretical developments of the underlying3-body reaction mechanism, the TH method hasbeen successfully applied to the 6 Li(d,α) and7 Li(p,α) reactions. One advantage of the TH approachis that it determines the cross section betweenbare nuclei and is, unlike direct measurementsof the a(A,B)b reaction, not influenced byscreening enhancements due to the presence ofprojectile and/or target electrons. The reportedscreening enhancement for most reactions studiedso far are noticeably larger than theoreticallyexpected. With its ability to measure thecross section for bare nuclei, the TH method canplay a key-role in unravelling the disturbing differencebetween observed and expected electronscreening effects. Clearly the clarification of thisdiscrepancy needs more experimental and theoreticalwork. Such studies might also help to improveour understanding of electron screening effectsin stellar plasma, which, once the proposedaccurate measurements of nuclear cross sectionsare achieved, represent the largest uncertaintiesof the respective stellar rates.7.3.2 The s-ProcessThe slow neutron-capture process (or s-process)synthesizes heavy elements by a sequence of neutroncaptures and β-decays, mainly processingmaterial from seed nuclei below and near theiron peak into a wide range of nuclei extendingup to Pb and Bi. As the involved neutron capturetimes are usually significantly longer thanthe competing β-decays, the s-process path runsalong the valley of stability in the nuclear chart.This allows the laboratory determination of theinvolved neutron capture cross sections and halflives,making the s-process the probably best understoodnucleosynthesis network from a nuclearphysics point of view.However, the main uncertainties in s-processpredictions are still associated with the presentlyfavored stellar sites. According to our currentunderstanding, two s-process components areneeded to reproduce the observed abundances.The 22 Ne(α,n) 25 Mg reaction, which occurs duringhelium core burning of CNO material inmassive stars (heavier than 10M ⊙ ), is believedto supply the neutrons for the weak componentthat produces the nuclides with A

                                                    

                                                    7. Nuclei in the Universe 123tal and theoretical efforts and progress in thelast decade. As a highlight, a recent measurementhas strongly reduced the uncertainties inthe stellar 22 Ne (α,n) 25 Mg cross section. However,due to the importance of this reaction asa main neutron source, further effort via directand indirect (e.g through (n, α) on 25 Mg) approachesis still desirable to reduce the remaininguncertainty.S-process simulations require the knowledgeof a large number of stellar neutron capture crosssections at typical energies of 10 < ∼ kT < ∼ 50 keVon targets in the 12 ≤ A ≤ 210 mass range.Much dedicated experimental work, in particularin university laboratories, has led to a substantialimprovement in our knowledge of relevant(n,γ), (n,p) and (n,α) cross sections. Inparticular, the neutron capture cross section onthe rarest stable nucleus in nature 180 Ta has recentlybeen measured. Furthermore, it has experimentallybeen demonstrated that the shortlivedground and the long-lived isomeric stateof 180 Ta can be equilibrated at stellar temperaturesin excess of about 4 10 8 K, changing theeffective half-life of 180 Ta by 15 orders of magnitude.These difficult experiments are of particularrelevance to our understanding of the possibles-process contribution to the galactic 180 Taenrichment.However, some neutron capture cross sections,in particular those for unstable nuclei onthe s-process path, are not yet determined withthe required accuracy, especially at the energiesof kT ≃ 10 keV relevant for the s-process inAGB stars. The new unique neutron time-offlightfacility at CERN with its high neutronfluxes is expected to strongly improve the experimentaldetermination of radiative neutroncapture cross sections. One of the first astrophysicallyrelevant experiments at this facilitywill determine the capture cross section on theOs isotopes, which is of particular interest inthe Re-Os cosmochronometry. A close investigationof neutron capture reactions on long-livedbeta-unstable neutron-rich isotopes is particularlyimportant, as these nuclei represent potentialbranching points in the reaction path. Detailedanalysis of the observed s-process abundancedistribution in conjunction with neutroncapture and beta decay data on these branchingpoint nuclei provide important informationabout the temperature, density, and neutronfluxconditions at the s-process site. Neutroncapture measurements on branching point nucleioffer a unique tool for testing the stellar s-process models. The determination of the relevantbeta-decay rates can, however, be muchcomplicated by the fact that thermally excitednuclear states might change the stellar half-livessignificantly. With the exception of isomericstates, the half-lives of excited states cannot easilybe measured, and the complexity of the nuclearstructure makes the prediction of the requiredβ-decay matrix elements a real challengefor nuclear theory. A special β-decay mechanism,referred to as bound-state β-decay, canplay an important role for ionized atoms, andsignificantly affect the production of some specifics-nuclides. The remarkable experimentalobservation of the bound-state β − decay of thefully ionized 187 Re atom achieved at the GSI inDarmstadt has been an important step in the reductionof the uncertainties associated with thegalactic Re-Os chronometry.7.4 Supernovae and dense objectsSimulating core-collapse supernovae has been atthe forefront in astrophysics for several decadesand the general picture is now well developed.There is a consensus that neutrinos playan essential role in the supernova mechanism.Therefore the development and incorporationof multi-group (i.e. neutrinos of different flavorsand energies) Boltzmann neutrino transportinto the one-dimensional models has beena major recent achievement; a similar treatmentin multi-dimensional collapse simulations,which currently consider neutrino transportrather crudely, is computationally extremely demanding.Despite significant progress, onedimensionalcollapse simulations currently failto explode. Does this imply that some of themicrophysics ingredients of the models are incorrectand need improvement or do supernova explosionsrely on three-dimensional effects such asconvection or rotation? This fundamental questionis still open. Much of the relevant micro-

                                                    

                                                    124 7. Nuclei in the Universephysics relates to weak-interaction processes innuclei and nuclear matter under extreme conditions(density and temperature), but also uncertaintiesin the nuclear equation of state (EOS)might prove to be essential. The latter alsoplays a major role in the description of neutronstars, which are generally viewed as the laboratoryfor nuclear physics under extreme conditions.Progress in computer technology, thedevelopment of new and advanced many-bodymodels and, probably most importantly, the newera of experimental facilities promise to reducethe nuclear-physics related uncertainties in supernovasimulations and neutron star models.7.4.1 Nuclear input for core-collapsesimulationsAfter the formation of an iron core in its center,a massive star has run out of nuclear fuel tocounteract gravity. The core starts to contractand becomes unstable against electron capturedue to the associated increase in electron chemicalpotential. Electron captures cool the core,as neutrinos carry away energy, but also reducethe electron degeneracy pressure which counteractsthe contraction. Both effects accelerate thecollapse. Furthermore, the core composition isdriven to more neutron-rich and heavier nuclei.Under collapse conditions, electron capturesare dominated by Gamow-Teller (GT) transitions.Relevant capture rates have been evaluatedon the basis of shell model studies andexperimental data, whereever available, for nucleiwith A =45− 112. The results are quitedistinct from the phenomenological input, whichhas conventionally been used in collapse simulations.The consequences for the presupernovaand collapse models are significant. Interestingly,β-decays can compete with electron capturesfor a short period during silicon burning,adding an important cooling source.Given the importance of weak-interactionprocesses during the collapse, a strong anddedicated experimental programme to test andgive credibility to the new shell model calculationsis therefore warranted. Experimentally,GT transitions can be studied using intermediatenucleon-nucleus scattering at low momentumtransfers. In the GT − direction (importantfor β decays) this goal has been achievedthrough (p,n) and ( 3 He,t) charge-exchange reactions.On the other hand, the determinationof the B(GT + ) strength, as required forelectron captures, is considerably more difficult.The neutron beams, which were used inthe pioneering (n,p) experiments at TRIUMF,were secondary beams produced through the7 Li(p,n) reaction, and the typical resolutions obtainedin these experiments were of the order of1 MeV. More recently, secondary triton beamsat sufficiently high energies have become available,which allow the study of GT + transitionsrather competitively through the (t, 3 He) reactions.Another and potentially even more powerfultool to explore the spin-isospin-flip transitionsin the GT + direction is the (d, 2 He) reaction.Here 2 He denotes a two-proton unboundstate in the 1 S 0 (pp), T=1 channel. A majordevelopment step for (d, 2 He) experiments wasrecently achieved by a group at the KVI Groningenwho demonstrated that a resolution on theorder of 150 keV can readily be obtained withtheir spectrometer equipment.The equivalence of the (n,p) and the (d, 2 He)reactions has been demonstrated by a detailedcomparison with the (p,n) reaction on the selfconjugatenuclei 12 C and 24 Mg. The studyof the (d, 2 He) reaction for heavier nuclei, likethose in the pf-shell, is now successfully underway(Figure 7.3). The present energy resolutionof about 150 keV allows a rather detailedcomparison with theory up to individual levels.An extensive experimental programme willnot only supply direct information about specificGT + transitions and energies, which canbe used in the electron capture rate evaluations,it will also detect possible shortcomings in theshell model residual interaction and hence indirectlyimprove the rate compilations. Neededdata include GT strength distributions for oddoddnuclei and odd-A odd-N nuclei. In the laterstage of the collapse, the matter composition involvesmany nuclei with proton numbers Z 40, for which GT +transitions in the independent particle modelare completely blocked. Here it is essential toknow how strongly thermal excitations and cor-

                                                    

                                                    7. Nuclei in the Universe 125counts / 50 keV12009006003002.14 MeV3.62 MeV4.88 MeV51V(d, 2 He) 51 TiE d =171 MeVΘ cm =0 o - 1.5 oB(GT + ) / MeV0.50.40.30.20.1centroid FFN51 V51T0 2 4 6 8 10 12Excitation energy [MeV]0.00 2 4 6 8 10 12Excitation energy [MeV]Figure 7.3: Spectrum of the reaction 51 V(d, 2 He) 51 Ti at 170 MeV incident energy measured at the AGORcyclotron at the KVI in Groningen showing a number of strong GT transitions. The experimental resolutionis 140 keV. The right part shows the results from TRIUMF using the (n,p) probe where the resolution wastypically of order 1 − 1.5 MeV (full points). The bars (not to scale) indicate the results of the shell modelcalculation, which, after folding with such resolution, yields the full curve. The experimental resolution inthe (d, 2 He) case (left part) now allows a highly detailed comparison with theoretical calculations. (Courtesyof C. Bäumer et al.relations, which mix the (fp) and (gds) orbitals,provide an unblocking of the GT + strength. Anexperimental programme must be therefore extendedinto this mass range. Many unstableneutron-rich nuclei are quite abundant in thecore, particular during the final collapse. To obtainthese GT + data, requires the availability ofradioactive ion-beams and charge-exchange experimentsusing inverse kinematics.We mention that dedicated β decay measurements,also involving unstable nuclei, are important.For one, they can supply relevant informationabout low-lying transitions which are oftendecisive for the stellar weak-interaction rates atthe onset of the collapse, and further, they deliverdata against which charge-exchange measurementscan be compared with or normalizedto.During the collapse, electron capture processesproduce ν e neutrinos in the energyrange of MeV’s to tens of MeV. The roleneutrino-nucleus reactions play is not fully explored.While charged-current (ν e ,e − ) reactionsare strongly Pauli-blocked due to the largeelectron chemical potential, inelastic neutrinonucleusscattering may compete with inelasticneutrino-electron scattering as the energyexchangemechanism to thermalize the neutrinosin the core. Reliable estimates of (ν, ν ′ ) crosssections, which can be enhanced significantlydue to finite temperature, require the knowledgeof the GT and first-forbidden isovector spindipoleresponse, where the finite-temperature effectsare mainly sensitive to the detailed distributionof the GT 0 strength. Systematic theoreticalestimates for these reactions should bemade and an experimental programme to testand improve the theoretical estimates is needed.7.4.2 Weak-interaction processes in hot,dense matterNeutron stars (NS) are formed in the center ofmassive stars during their supernova explosion.Here the matter temperature can exceed 10 11 K,making the EOS of hot, dense matter and neutrinotransport (opacities) crucial ingredients forNS births and supernova explosion models. Calculationsof the EOS and neutrino opacities undersuch conditions have to be improved by usingmore realistic strong interactions, which, inparticular, include the effects of tensor correlationsamong nucleons. If one considers thatabout 99 % of the energy released in the explosionis carried away by neutrinos and thatonly a tiny ∼ 1% fraction of this energy must

                                                    

                                                    126 7. Nuclei in the Universebe transferred by neutrino absorption on nucleonsto matter behind the stalled shock wave toachieve a successful explosion, then it is quiteobvious that neutrino transport in hot, densematter is of paramount importance for reliablesupernova models.Weak interaction processes accompanied byneutrino emission are responsible for the coolingof neutron stars during the first 10 5 years of theirlife. An improved description of such processes,based on more realistic strong interactions andconsidering the in-medium renormalization ofthe weak interaction, is necessary. The effectsof nucleon superfluidity on NS cooling shouldfurther be studied. Forthcoming observationsof cooling neutron stars at known distance andage will be decisive for constraining the theoreticalmodels. Also the discovery of young neutronstars of known age would be of great importance,as they can supply convincing arguments for thepresence of non-standard neutrino-emission processes(direct Urca with nucleons, pion or kaoncondensates, or maybe even quark matter) inneutron-star cores.7.4.3 Neutron star modelsCurrent models divide the interior of a neutronstar into two regions - the crust and the core.The crust, forming the outer layer of ∼ 1kmthickness, contains atomic nuclei immersed in adense electron gas, and, above the neutron-drippoint at densities ρ ∼ 5 × 10 11 g/cm 3 , also ina neutron gas. At the bottom of the crust thedensity reaches ρ ∼ 10 14 g/cm 3 , and only a fewpercent of nucleons are protons. Under the crustlies the liquid core. For nuclear densities aroundρ ∼ 3×10 14 g/cm 3 it consists of a plasma of neutronswith a few percent admixture of protonsand electrons. With increasing density, muonsand hyperons are expected to appear in the matter.The central density of neutron stars canbe as high as (5 − 10) times nuclear densities.This makes theoretical models rather uncertain.Some of these models predict that the inner coreof neutron stars consists of kaon or pion condensates,or even of quark matter. It will be one ofthe major challenges to test these predictions.The outermost layer of a neutron star isFigure 7.4: The so-called “radiation radius” (or “apparentradius”) R ∞ , as measured by a distant observer,versus the neutron star mass M, for severaltheoretical Equations of State of dense matter.The dashed strip corresponds to precisely measuredmasses of neutron stars. The long-dashed-dottedline is an absolute lower-bound on R ∞ at a givenM which is a consequence of space-time curvaturearound the neutron star. The short-dashed line,which allows for very low values of R ∞ , correspondsto strange (quark) stars. Notice that R ∞ cannotbe smaller than 11 km for ordinary neutron stars.Sensational reports in April 2002 claimed that RX185635-3754 has the apparent radius smaller than 8km (and is therefore a low-mass quark star); however,this result was questioned later. (Courtesy ofP. Haensel)called the outer crust. It is composed ofneutron-rich nuclei immersed in a dense electrongas. These nuclei, which are beta-unstable inthe laboratory, are stable in dense matter due tothe Pauli-blocking of the final electron states bythe degenerate electron gas. For matter densitiesρ

                                                    

                                                    7. Nuclei in the Universe 127Z/A ≃ 0.3 are essential for the correct modellingof the bottom layers of the outer crust. Thestructure of the outer crust, and in particularits matter composition, is essential for the correctinterpretation of surface temperature dataof cooling neutron stars, obtained form X-rayobservations.The structure of the inner crust, in whichvery neutron-rich nuclei are immersed in a neutrongas, can only theoretically be studied. Morereliable effective nuclear interactions as well asefficient and precise many-body simulations areneeded to improve models of this part of thecrust, which is important for the understandingof phenomena like the glitches in radio-pulsartiming. Particularly important here is the determinationof the structure of the crust-core interfaceand of the interaction of superfluid neutronswith nuclei forming a crustal lattice. These twoaspects are currently treated rather crudely inneutron star models. While the knowledge ofthe EOS of the crust is relatively good, the uncertaintiesin the actual crust composition (pureor heterogeneous), which depends sensitively onthe kinetics of its formation, are still large.The core of the neutron star is expected tocontain some 95 − 98% of its mass. The coreEOS is essential for the neutron-star structure,and in particular for the determination of themaximum mass for neutron stars, M max ; compactobjects with M > M max then have to beblack holes. The knowledge of the core compositionand the EOS above twice nuclear densitiesbecomes increasingly worse with increasingdensity and is clearly insufficient at (5 − 10)times nuclear densities. Up to now, the most reliableexisting EOS of the core were derived assumingthe simplest possible composition (neutrons,protons, electrons, muons) and using thebest realistic nucleon-nucleon interactions supplementedwith phenomenological three-bodyforces. These EOSs predict a maximum neutronstar mass M max =(1.9 − 2.2) M ⊙ . Stateof-the-artmany-body theories with the best existingN-N interactions should be implementedto narrow the ambiguities of the present EOSs,taking advantage of the impressive power of theforthcoming computing facilities. The role of thethree-body and four-body forces as well as of relativisticeffects in the many-body problem mustbe clarified. Studies of the impact of hyperonson the EOS should be continued, includingthe extension of the nucleon interactions to thehyperon sector. However, the progress is hereto a large extent limited by poor experimentalknowledge of the hyperon-nucleon and hyperonhyperoninteraction. The development of a reliablecore EOS can benefit significantly fromheavy-ion collision experiments, which probe theEOS of dense hadronic matter, albeit under differentphysical conditions than those in neutronstar cores.On the observational side, new determinationsof NS masses in binary systems, and inparticular more precise measurements of massesin the range (1.6 − 2.0) M ⊙ (measured in someX-ray binaries) could shed light on the actualvalue of M max for neutron stars and would putsevere constraints on the hyperon-nucleon interactionsin dense matter, which are decisivefor the thresholds at which hyperons appear indense matter. The NS radius is very sensitive tothe EOS. Calculations show a correlation of neutronstar radii with neutron radii of heavy nuclei;precision measurements of such radii for lead isotopesmight be quite helpful. The observationaldetermination of NS radii has just begun, butholds great future potential. The measurementof radii of neutron stars with M =(1.0−1.6) M ⊙will allow the determination of the EOS at twothreetimes nuclear densities, and puts severeconstraints on the theory of nuclear matter atsupranuclear densities (Figure 7.4). The neutronstar structure is also important for theshape of gravitational waves emitted at the finalstage of the coalescence of a neutron star - neutronstar binary, which is considered as the mostpromising astrophysical source of gravitationalradiation searched for by the gravitational-wavedetectors which will become operational in thisdecade.Different models predict the existence ofquite exotic phases of dense matter in neutronstars (pion and kaon condensates, quark matter).Therefore experimental searches for theprecursors of phase transitions in dense nuclearmatter, as they might be produced in heavyioncollisions, are of paramount importance. A

                                                    

                                                    128 7. Nuclei in the Universepossible candidate is the enhancement of theK − yield observed in heavy-ion collisions at theGSI. Such experimental efforts have to be extended.Observational signatures for a phasetransition in the NS core can be deduced fromanomalies during spin-down or from abnormallysmall pulsation frequencies or radii. An interestingprospective is the possible existence of colorsuperconductivity in high-density quark matterwhich could have profound implications for variousNS properties. There is general concensusthat the observation of a stellar “apparent radius”smaller than 11 km will be a reliable proofthat strange quark stars built from deconfinedself-bound quark matter exist (Figure 7.4). Furtherimportant constraints will come from experimentsat the new GSI facility searching forthe quark-gluon plasma and, in particular, forstable or metastable strange-matter.7.5 Explosive burning7.5.1 The p-processIt is now well accepted that the production ofthe stable neutron-deficient isotopes of the elementswith charge number Z ≥ 34 (classicallyreferred to as the p-nuclei) occurs in the oxygen/neonlayers of highly evolved massive starsduring their presupernova phase or during theirexplosion. At the temperatures of about 2 to3 billion degrees, which can be reached in thoselayers, the p-nuclei are synthesized by (γ,n) photodisintegrationsof preexisting more neutronrichspecies (especially s-nuclei), possibly followedby cascades of (γ,p) and/or (γ,α) reactions.It has also been proposed that those nucleartransformations could take place in the C-rich zone of Type Ia supernovae as well as in theenvelope of exploding sub-Chandrasekhar masswhite dwarfs on which He-rich material has beenaccreted. These alternative sites require improvedexplosion modelling to guarantee a reliablep-process seed abundance distribution.The p-process is essentially a sequence of(γ,n), (γ,p) or (γ,α) photodisintegrations reactions,possibly complemented by captures ofneutrons, protons or α-particles at energies typicallyfar below 1 MeV or the Coulomb barrierin the case of charged particles. So far, relevantrate measurements, mainly involving radiativeneutron and proton captures, are only availablefor stable targets. This data base covers notmore than a minute fraction of the needs for p-process simulations. As the measurements arefor the target ground state only, possible contributionsof excited states to the stellar rates willhave to be modelled. The available experimentaldata play an important role in the validation ofthe various nuclear ingredients entering theoreticalpredictions (see Section 7.7) and can also beused in estimates of reverse photonuclear rates.Recent experiments have provided directmeasurements of some (γ,n) reactions at the lowenergies of interest for the p-process, i.e closeto the photodisintegration threshold. One ofthe techniques is based on the construction of aquasi-thermal photon spectrum from a superpositionof bremsstrahlung spectra with differentendpoint energies. As an alternative, the ‘LaserInverse Compton (LIC)’ γ-ray source uses a realphoton beam in the MeV region produced byhead-on collisions of laser photons on relativisticelectrons and produces quasi-monochromaticγ-rays in the energy range 1 to 40 MeV. An importantadvantage of the LIC γ-rays over thebremsstrahlung approach is their more intensepeaking in the energy window of astrophysicalinterest in addition to their better quasimonochromaticity.The bremsstrahlung andLIC techniques have been used so far to measurethe rates of a few (γ,n) reactions. In particular,the latter experimental approach has providedcross sections to the ground and isomericstate for the 181 Ta (γ,n) 180 Ta reaction, whichis of special interest in p-process models. Thesemeasurements have to be complimented by thedetermination of the 180 Ta m (γ,n) 179 Ta reactionrate. Another prime interest in p-processstudies is the synthesis of the rare odd-odd p-nuclide 138 La. This requires the measurementsof the 139 La (γ,n) 138 La and 138 La (γ,n) 137 Lareaction rates. More generally, systematic measurementsof the photoneutron cross sections atenergies close to the neutron threshold will certainlyreduce the remaining uncertainties in thestellar rates for the numerous isotopes involvedin the p-process.

                                                    

                                                    7. Nuclei in the Universe 129Experimental data for charged-particle inducedreactions of p-process interest used tobe scarce. This situation is largely due to thesmallness of the related reaction cross sections atthe sub-Coulomb energies of astrophysical interest.However, an important effort has recentlybeen devoted to the measurement of a series of(p,γ) reaction cross sections on medium massnuclei with 34 ≤ Z ≤ 51 at low enough energiesto be of astrophysical relevance. These experimentsconducted principally at small facilities(Demokritos, Stuttgart) make use of two techniques,the activation method and the in-beammeasurements. So far, data are available onlyfor stable targets up to about Sb. A compilationof the present data, as well as an extensionof the experimental efforts towards heavier(Z >50) targets would be most valuable in orderto better constrain and improve global reactionmodels (Section 7.7).The (γ,α) reaction rates are usually determinedfrom data on the reversed reactions.However, relevant (α, γ) data are very rare.A recent 144 Sm (α,γ) 148 Gd experiment is notonly of astrophysics interest, but also a stringenttest case for a reliable determination of theα-nucleus optical potentials at low energies. Indeed,all parametrizations failed to give a satisfactorydescription of the reaction cross sectionat the energies (around 10 MeV) of interestfor the p-process. This measurement illustratedquite drastically the difficulties to reliably predictlow-energy (α,γ) cross sections. New experimentaldata, especially for low-energy radiativecaptures on nuclei in the A ≃ 100 andA ≃ 200 mass range, are strongly required inorder to further constrain the determination ofa reliable global α potential. In this respect,low-energy elastic α-scattering, as well as capturesof the (α,n), (n,α) or(α,p) types will alsobring valuable information about the α-particlenucleusinteraction.7.5.2 Nucleosynthesis in explosive BinarySystemsThermonuclear explosions in accreting binarystar systems have been an object of considerableattention. The basic concept of the explosionmechanism seems reasonably well understood,but there are still considerable discrepanciesbetween the predicted observables andthe actual observations. The proposed mechanisminvolves binary systems with one degenerateobject, like white dwarfs or neutron stars,and is characterized by the revival of the dormantobjects via mass overflow and accretionfrom the binary companion. The characteristicdifferences in the luminosity, time scale, and periodicitydepend on the accretion rate and onthe nature of the accreting object. Low accretionrates lead to a pile-up of unburned hydrogen,causing the ignition of hydrogen burningvia pp-chains and CNO-cycles with pycnonuclearenhancements of the reactions after a criticalmass layer is attained. On white dwarfs thistriggers nova events, on neutron stars it resultsin X-ray bursts. High accretion rates above acritical limit cause high temperatures in the accretedenvelope and less degenerate conditions,which result in stable hydrogen burning. Suchhigh accretion conditions on white dwarfs causesupernova type Ia events. The observed relationbetween lightcurve and intrinsic brightnessfor nearby type-Ia supernovae makes them astronomicalstandard candles. In the last yearsan extended programme of observation of highredshiftsupernovae led to the spectacular andsurprising finding of an accelerated expansion ofthe Universe. Here, a better knowledge of theexplosion mechanism is essential to confirm thebrightness-lightcurve relation also for low metallicitySN. Type Ia supernovae are usually associatedwith a large amount of 56 Ni formation and,hence, are considered the main producers of ironelements in the Universe. Electron captures onthe incinerated material, plus the neutron excesspreviously stored in the He-burning product22 Ne, lead to the production of neutron-richisotopes such as 48 Ca, 50 Ti, and 54 Cr. The finalamount depends sensitively on the propagationspeed of the burning front and the relevant electroncapture rates, the latter being likely themost important nuclear physics input requiredin type Ia models.Currently large uncertainties are associatedwith the modelling of accretion, explosion mechanismand burning front development and with

                                                    

                                                    130 7. Nuclei in the Universethe microscopic nuclear physics component ofnovae and X-ray bursts. The nuclear energygeneration provides the observed luminosity ofthe event, the combination of rapid mixing, convectionand far-off-stability nucleosynthesis isresponsible for the observed abundances in theejecta. Simulations of novae and X-ray burstswill noticeably benefit from post-accelerator facilitiesfor radioactive ion-beams, which promiseto remove the uncertainties of some of the keyreactions involved in the respective nuclear networks.Novae White dwarfs constitute the finalphase of the evolution of low and intermediatemass stars. Their composition is mainly C, O orO, Ne, depending on the progenitor mass. Accretionof hydrogen-rich material from the envelopeof a companion star and its mixing into thewhite dwarf matter leads to the onset of hydrogenburning under degenerate conditions. Afteraccretion of a critical amount of matter, the hydrogenis burned explosively via the hot CNO,NeNa and MgAl cycles at high temperature (T≤ 3.5·10 8 K) and density (ρ ≈ 10 4 g/cm 3 ). Theburning products are ejected into the interstellarmedium, where they can be detected by astronomicalobservations, which put important constraintson the models.A principal interest in novae modelling focusseson the synthesis of the radioactive isotopes7 Be, 18 F, 22 Na and 26 Al. The observationof the characteristic gamma-ray emissionof these isotopes from a nearby nova is amongthe objectives of the European satellite INTE-GRAL. Comparison of the observed isotopicyields with model results will give stringent constraintsto some model parameters, and in particularon the still uncertain mixing process ofthe accreted hydrogen with the white dwarf materialand the magnitude of the ejected mass.Nuclear astrophysics in Europe is especially wellprepared to advance significantly in these questionswith the availability of a state-of-the-arthydrodynamical nova code at Barcelona and theobservational data expected from INTEGRAL.However, some important nuclear input to thesemodels is still needed to achieve this goal, especiallyreaction cross sections involving unstableisotopes.The nuclear reaction network in nova explosionsextends up to mass A ≈ 35 and includesproton capture reactions on several short-livedisotopes on the neutron-deficient side of the stabilityvalley. The determination of the relevantcross sections has begun in some pioneering experimentsat radioactive ion-beam facilites likeORNL, Argonne and Louvain-la-Neuve for the18 F(p,α) reaction, which determines the finalamount of 18 F synthesized in novae. This isotopeis detectable in the first few hours after theexplosion in the expanding shell of the ejectedmaterial by the characteristic e + e − annihilationradiation following its β-decay. Other importantreactions for the synthesis of 22 Na and 26 Alinclude e.g. the short-lived isotopes 21 Na and25 Al. The flow out of the MgAl-cycle to highermasses passes by several neutron-deficient P andS isotopes. For all these isotopes, including alsosome stable ones, proton capture cross sectionsat thermonuclear energies must be determined.Much progress will certainly come in thenear future from the availability of beams ofthese unstable isotopes at radioactive ion-beamfacilities. Reaction cross sections at nova temperaturesare generally very small and indirectapproaches, like transfer reactions, ANC or theTrojan horse method will play an importantrole besides direct measurements to determineproton and α-particle spectroscopic factors andbranching ratios, needed for the determinationof thermonuclear reaction yields. However, alsosome capture cross sections on stable isotopeshave to be known with improved accuracy makingfacilities for stable isotopes an importantcomplement to the radioactive ion-beams.X-Ray Bursts For an X-ray burst, the thermonuclearrunaway is triggered by the ignitionof the triple-alpha reaction and the breakoutreactions from the hot CNO cycle. Thereforethe on-set of the X-ray burst critically dependson the rates of the alpha capture reactionson 15 O and 18 Ne. Although recently progressin experimentally determining these rates hasbeen achieved by using either indirect tech-

                                                    

                                                    7. Nuclei in the Universe 131niques or radioactive ion-beams in inverse kinematics,both rates are not known with the necessaryaccuracy. The thermonuclear runaway isdriven by the αp-process and the rapid protonprocess(short rp-process) which convert the initialmaterial rapidly to 56 Ni causing the formationof Ni oceans at the neutron star surface.The αp-process is characterized by a sequenceof (α,p) and (p,γ) reactions processing the ashesof the hot CNO cycles, 14 O and 18 Ne, up tothe 34 Ar and 38 Ca range. The rp-process representsa sequence of rapid proton captures upto the proton drip-line and subsequent β-decaysof drip-line nuclei processing the material fromthe argon, calcium range up to 56 Ni and beyond.The runaway freezes out in thermal equilibriumat peak temperatures of around 2.0 to 3.0 billiondegrees Kelvin. Re-ignition takes place duringthe subsequent cooling phase of the explosionvia the rp-process beyond 56 Ni. The nucleosynthesisin the cooling phase of the burst altersconsiderably the abundance distribution in atmosphere,ocean, and subsequently crust of theneutron star. This may have a significant impacton the thermal structure of the neutron star surfaceand on the evolution of oscillations in theoceans.To verify the present models nuclear reactionand structure studies on the neutron deficientside of the line of stability are essential.Measurements of the break-out reactions willset stringent limits on the ignition conditionsfor the thermonuclear runaway, measurementsof alpha and proton capture on neutron deficientradioactive nuclei below 56 Ni will set limitson the time-scale for the actual runaway, butwill also affect other macroscopic observables.Recent simulations of the X-ray burst characteristicswith self-consistent multi-zone modelssuggested a significant impact of proton capturereaction rates between A=20 and A=64 on expansionvelocity, temperature and luminosity ofthe burst. Clearly, more experimental data arenecessary to remove the present uncertainties.Nuclear structure and nuclear reaction measurementsnear the doubly-closed-shell nucleus56 Ni determine the conditions for the re-ignitionof the burst in its cooling phase. Structure andreaction measurements beyond 56 Ni, in particularthe experimental study of 2-proton capturereactions bridging the drip-line for evenevenN = Z nuclei like 68 Se and 72 Kr etc., arenecessary to determine the final fate of the neutronstar crust. These reaction measurementshave to be complemented with decay studies.Of particular importance are beta-decay studiesof isomeric and/or thermally populated excitedstates, which are not accessible by experimentwith present equipment. In general thereis a substantial need for nuclear structure informationat the proton drip-line, especially in theGe - Kr mass region and most likely up to theSn-Te-I mass range where the endpoint of therp-process is expected. The information neededto calculate the flow of nuclear reactions in X-ray bursts includes masses, lifetimes, level structures,and proton separation energies.7.5.3 R-processAbout half of the elements beyond Fe are producedvia neutron-captures in very neutronrichenvironments. The existence of abundancepeaks, connected with the major neutron shellclosures,witnesses that neutron-captures haveoccured far from the valley of stability. Observationsof r-process abundances in ultra-poormetal stars by the Hubble Space Telescope revealwhat happened in the early age of theGalaxy, when primordial r-nuclides were formed.It is remarkable to see that the abundances ofheavy-mass nuclei (beyond A=130) are solarlikeand very similar in those stars, althoughthey originate from very different regions ofthe galactical halo. Therefore, the robust r-abundance pattern above A=130 may be a signatureof a unique early “main” r-process of primarynature. Below A=130, one observes “underabundances”in these stars compared to solarones, with a strong odd-even-Z staggering,which is not present in solar r-material. Themissing part to the solar pattern reflects theneed for a “weak” r-process of secondary nature,supported also by geochemical evidence frommeteorites. These observations, added with themeasured isotopic abundances of Eu and Ba, area breakthrough in our view of the r process andof the chemical evolution of the elements.

                                                    

                                                    132 7. Nuclei in the UniverseRelative log ε0.50−0.50−1.50−2.50−3.50−4.50−5.50r−Process Abundances in Halo StarsHD 115444CS 22892−052SS r−Process AbundancesBD +173248−6.5050 60 70 80 90Atomic NumberFigure 7.5: Elemental abundances in metal-poor halostars compared to solar r-material. (Courtesy of J.Cowan)These findings are supported and supplementedby the abundance patterns of certainrefractory inclusions of meteorites which reflectthe stellar events in which they were formed.Large isotopic anomalies, with respect to solar,are found in some grains which point to avery neutron-rich production environment. Theuse of new ionic nanoprobes, which could revealthe composition of sub-micrometer size pre-solargrains, is expected to improve our understandingof the r-process.Even if the high entropy bubble and neutronstarmergers are likely sites, the exact environment(s),where the r-process(es) occurs,still remains a great mystery at present time.We know, however, that r-process nucleosynthesisis a dynamical process in which the r-process path in the nuclear chart depends onthe changing conditions of the stellar environment.In hot and very neutron-dense environments,neutron-captures occur on very shorttimescales and quickly equilibrate with photodisintegrationsfor nuclei with low neutron separationenergies. In such cases, the importantparameters for modelling the r-process nucleosynthesisare the masses, which fix the locationof the waiting points in each isotopic chain,the β-decay half-lives and the P n values, whichdetermine the amount of r-progenitors accumulatedand to which extent their decay occursvia delayed-neutron(s) emission(s). When ther-process matter reaches lower neutron densities,at which β-decay times are shorter thanneutron-capture times, branchings in each isotopicchain occur. It is of key importance to determinethe three properties (β-decay half-lives,masses and neutron-capture cross-sections), especiallyat and around the major neutron closedshellsN=50, 82, and 126, associated with ther-abundance peaks. These magic nuclei (calledwaiting points) have also longer life-times thantheir non-magic neighbors and regulate themass-flow and duration of the r-process.As recent major experimental breakthroughs,the β-decays of about 30 neutron-richnuclei on the r-process path(s) have been measuredat the ISOLDE facility, including thoseof the N = 82 waiting points 130 Cd and 129 Ag.These new results, added to the previous studiesat the N=50 closed shell, are important dataneeded to put constraints on the astrophysicalconditions for the build-up and break-out of theA=80 and A=130 r-abundance peaks.Atomic masses for nuclei far from stabilitymight hold the key for the understanding of nuclearstructure in the yet unexplored parts ofthe nuclear chart. Their knowledge is particularlyessential for r-process simulations. In recentyears the GSI at Darmstadt has developed asuccesful programme measuring masses of shortlivedfission fragments of a high-energy Pb beamusing time-of-flight and Schottky methods; as anillustrative example Figure 7.6 shows more than70 new masses in the N = 50 and 82 region obtainedat the GSI with the isochronous time-offlightmethod. The proposed GSI upgrade witha much higher primary beam intensity and anorder of magnitude larger acceptance of the proposedcooler ring promises to measure severalhundreds new masses of neutron-rich nuclei, includingthose of crucial r-process waiting points.Such data are essential to better constrain thelocation of the r-process for given stellar conditionsand will also provide much needed informationabout potential shell-structure effects.Here, a strongly debated current issue is whetherthe shell gap in very neutron-rich nuclei (particularlyfor N = 82) is noticeably less pronouncedthan in stable nuclei. Such an effect would have

                                                    

                                                    7. Nuclei in the Universe 1338212650Proton Number8202820285082stable nucleiknown masses up to ‘95mass measurement s ‘95 - ’00mass measurement s ‘02(on-line identification)unknown masses T > 1sunknown masses T < 1sunknownmasses only8Neutron NumberFigure 7.6: The current knowledge of nuclear masses. Preliminary results obtained on-line from the fragmentationor from the fission of a 238 U beam are shown in yellow color. (Courtesy of Y. Litivinov)significant impact on the r-process abundancepattern at the low-A wing of the peaks. Its firmverification, however, needs further experimentalstudy of the r-process progenitor nuclei inthe vicinity of the shell closure. In particular,major developments have to be started to produceand study the refractory elements (Mo toPd) around N=82.There are currently no data available for r-process nuclei in the region of the N=126 shellclosure, which is associated with the third r-process peak at around A ∼ 195. This is likelyto change, when this region can be reached bythe high-energy fragmentation of Pb or U beamsat GSI. These key experiments will then opena new era in nuclear structure and r-process research,in particular delivering the first measurementsof halflives for N = 126 waiting points.Beyond N = 126, the r-process path reaches regionswhere nuclei start to fission, demandingan improved knowledge of fission barriers in extremelyneutron-rich nuclei to determine wherefission terminates the neutron capture flow andprevents the synthesis of superheavy elementswith Z>92. If the duration time of the r-processis sufficiently long (as it could be found in neutronstar mergers), the fission products can captureagain neutrons, ultimately initiating “fissioncycling” which can exhaust the r-processmatter below A = 130 and produce heavy nucleiin the fission region. Fission can in particularinfluence the r-process abundances of Thand U. This would change the Th/U r-processproduction ratio with strong consequences forthe age determination of our galaxy, which hasrecently been derived from the observation ofthese r-nuclides in old halo stars.The direct measurement of neutron-capturecross sections on unstable nuclei is technicallynot feasible. This goal can, however,be achieved indirectly by high resolution (d,p)-reaction, which are considered the key tool tostudy neutron capture cross sections of rare isotopesat radioactive nuclear beam facilities. Forr-process nuclides, particular technical advancementsneed to be made to produce the requiredbeams of a few MeV/nucleon. Studies of betadelayed-neutron decays can help to determinethe existence of isolated resonances above theneutron-emission threshold in the daughter nu-

                                                    

                                                    134 7. Nuclei in the Universecleus. Such experimental studies will be performedfor selected nuclei, in particular at theneutron shell closures, to guide and to constrainglobal theoretical models. Of particular importanceare detailed studies of the soft pygmy resonancewhich are energetically expected aroundthe neutron threshold and can strongly influenceneutron capture cross sections.7.6 Non-thermal nucleosynthesisSpallation reactions induced by highly energeticparticles, in particular by Galactic Cosmic Rays(GCR), are a well-established production mechanismfor several light elements (Li, Be, and B)and for some isotopic anomalies in meteorites.The understanding of the isotopic compositionof the GCR at energies around one GeV per nucleonfor elements up to Fe, has progressed significantlyby observations made with spacecraftslike ACE and ULYSSES and balloon flights.Data for heavier elements are expected for thenear future. This data record will serve to elucidatethe origin and the source composition ofthe GCR, as well as their propagation and theassociated production of secondary GCR nucleiby fragmentation reactions with H and He nucleiin the interstellar medium (ISM). A reliablemodelling of the involved nuclear network is crucial.Of particular importance are the variousspallation cross sections in the several hundredMeV to several GeV per nucleon range. Protoninduced fragmentation cross sections for mostof the light elements were determined at BE-VALAC, SATURNE and recently at the GSIfragment separator and an extensive set of accuratedata is available to interpret the GCRcomposition up to Fe/Ni. This effort must becontinued to heavier elements and accompaniedby theoretical studies to obtain a complete set ofcross section data to interpret the observations.Recent observations of the abundances of thelight elements Li, Be, and B in metal-poor starsforce us to modify our understanding of theGalactic chemical evolution of these elements.In the standard spallation model it is assumedthat these elements are solely made by fragmentationreaction on CNO nuclei in the ISM, inducedby fast protons and α-particles in theGCR. However, the new data suggest that significantamounts of Li, Be and B may be producedin OB associations, i.e. groups of stars that aredominated by main-sequence stars of O and Bspectral types, via the spallation of acceleratedC and O nuclei at energies below several hundredMeV per nucleon. This last process can bedominant in the early Galaxy. Detailed studiesof the origin of the particles and their accelerationmechanism in OB associations and in theISM are clearly needed.Decisive progress in the solution of thesequestions is expected from γ-ray astronomy.Many of the nuclear reactions induced bycosmic-ray nuclei are accompanied by promptde-excitation of excited nuclear levels populatedby inelastic scattering, transfer or spallation reactions,or they are followed by delayed γ-rayemission from radioactive species or π 0 -particleswhich are produced in these collisions. The associatednuclear γ rays will be observed by futurespace missions like INTEGRAL, AGILEand GLAST. For example, these missions willdetect strong γ-lines produced in inelastic scatteringof cosmic-ray protons and α-particles onnuclei like 12 C, 16 O and 56 Fe, which are abundantin the ISM, and from α-α reactions. Asthis γ-ray production is most effective for cosmicrays below a few hundred MeV per nucleon,the observed lines and their intensities can beconverted into the determination of the cosmicrayspectrum in this energy range. Similar γ-rayproduction occurs in strong solar flares. Thisfield will benefit tremendously from the dedicatedobservations expected from the RHESSIspacecraft.To make optimal use of the detailed highresolutionspectroscopic informations from IN-TEGRAL and RHESSI, progress in our knowledgeof the various γ-ray emission processes andthe completion of the required cross section database are needed. In particular, differential particleand γ-ray cross sections and particle-γ correlationsfrom threshold to typically one hundredMeV per nucleon must be known to interpretthe observed line shapes. To complete thedata base, cross sections above the γ-productionthreshold for proton- and α-induced reactionson the abundant nuclear species in the ISM be-

                                                    

                                                    7. Nuclei in the Universe 135tween 12 C and 56 Fe are required. This is a taskwhich is well suited for tandem accelerators atuniversity or smaller research laboratories. Theexperimental efforts have to be accompanied bysystematic optical model calculations.7.7 Nuclear modellingThe specific astrophysical conditions make a directexperimental determination of required nuclearinput often impossible. Thus, despite importanteffort in the last decades to measureastrophysically relevant data, theoretical modelsare often needed to translate these datafrom laboratory to stellar conditions. For example,most charged-particle induced reactionsat stellar energies, i.e. at energies far below theCoulomb barrier, have cross-sections that arefar too low to be measured at the present time(Section 7.3). Stellar reactions often concernunstable or even exotic (neutron-rich, neutrondeficient,superheavy) species for which no experimentaldata exist. Certain astrophysical applicationslike the r- or p-processes (see Section7.5) involve thousands of unstable nucleifor which many different properties have to bedetermined (including ground and excited stateproperties, strong, weak and electromagnetic interactionproperties). In high-temperature environments,thermal population of excited statesby electron or photon interactions, as well asionization effects significantly modifies the nuclearproperties in a way which is impossible tomeasure in the laboratory. For all these extremeconditions found in astrophysical environments,theorists are requested to supply the requirednuclear input if it is experimentally not available.The description of the many nuclear processesin stars requires a careful and accurateaccount of all physically relevant input data sothat nuclear models have to be “physically accurate”and “globally applicable” at the sametime. A global description of all required nuclearinput within one unique model ensures acoherent prediction of all unknown data. Theneed of extrapolating data from experimentallyknown regions favors microscopic models with asound first-principle foundation.Many global microscopic approaches havebeen developed in the last decades and are nowmore or less well understood. However, theywere almost never used for practical applications,because of their lack of accuracy in reproducingexperimental data on a global scale.The low global accuracy mainly originated fromcomputational complications making the determinationof free parameters in the models by fitsto experminental data time-consuming. Thisshortcoming has been overcome in recent yearsand todays microscopic models can be tuned tothe same level of global accuracy as the phenomenologicalmulti-parameter models, whichhave conventionally been used to describe experimentallyunknown input in astrophysical scenarios.The following subsections describe someof the advances and future needs in nuclear modelling.7.7.1 Reaction modelsAs the degrees of freedom increase drasticallywith the number of nucleons, models of differentsophistication have to be chosen for the variousregions in the nuclear chart. Exact calculationsusing realistic nucleon-nucleon interactions, e.g.by Green’s Function Monte Carlo techniques,are restricted to light nuclei. As an alternative,methods based on effective field theoryhave recently been developed for few-nucleonssystems. Both approaches have demonstratedtheir ability to reliably describe reactions withlight nuclei. Other useful tools for the extrapolationof data for reactions of light and certainmedium-heavy nuclei are the microscopic clustermodel and the continuum shell model. Theseapproaches have the major advantage of providinga consistent description of bound, resonant,and scattering states of a nuclear system andhave successfully been applied to determine thelow-energy cross sections for many astrophysicallyimportant reactions. Despite these successes,more effort in that direction is obviouslyneeded.For reactions involving heavy nuclei, most ofthe cross section calculations needed for nucleosynthesisapplications are based on the statisticalHauser-Feshbach model. This model makes

                                                    

                                                    136 7. Nuclei in the Universethe fundamental assumption that the processproceeds via the intermediate formation of acompound nucleus in thermodynamic equilibrium.This assumption is justified if the leveldensity in the compound nucleus at the projectileincident energy is large enough to ensure anaverage statistical superposition of states. However,when the number of available states in thecompound system is relatively small, as this isthe case for many proton capture reactions inthe rp-process, the capture process is mainlydominated by direct electromagnetic transitionsto a bound final state. In general, direct reactionsplay an important role for light, closedshellor exotic neutron-rich systems for which noresonant states are available.Both the direct and statistical models haveproven their ability to predict cross sections accurately.However, these models suffer from uncertaintiesstemming essentially from the predictednuclear ingredients describing the nuclearstructure properties of the ground and excitedstates, and the strong, weak and electromagneticinteraction properties. The description ofthese fundamental nuclear properties will benefitsignificantly from recent progress and futureadvances in microscopic and semi-microscopicmodels which we will describe in the next subsections.7.7.2 Ground state propertiesGlobal mass models have recently been derivedwithin the non-relativistic Hartree-Fock and relativisticHartree methods. Making use of aSkyrme force which has been adjusted to essentiallyall known masses, it has been demonstratedthat the microscopic Hartree-Fock approachcan successfully compete in overall reproductionof the measured data with the mostaccurate empirical droplet-like formulas availablenowadays. This quality is achieved not onlywhen the pairing force is described in the BCSapproximation, but also when the Bogoliubovmethod is adopted (HFB model), which treatsthe nuclear single-particle and pairing propertiesself-consistently. Although complete mass tableshave now also been derived within the HFBapproach, further developments which affect themass extrapolations towards the neutron driplineare still needed. Moreover, effective interactionsfor the present state-of-the art mean fieldmodels have to be developed which consistentlydescribe the many observables needed (such asgiant dipole or Gamow-Teller excitations, infinitenuclear matter properties). These variousnuclear aspects are extremely complicated toreconcile within one unique framework and thequest towards universality will most certainlybe a focus of nuclear physics research for thecoming decade. The study of correlation effectson nuclear masses will benefit from advancedmodels beyond the mean-field approach, like theshell model or the cluster expansion approaches.7.7.3 Nuclear level densitiesUntil recently, only classical approaches wereused to estimate nuclear level densities for practicalapplications. Several approximations usedto obtain the nuclear level density expressions inan analytical form can be avoided by quantitativelytaking into account the discrete structureof the single-particle spectra associated with realisticaverage potentials. In a recent global calculation,based on the HF-BCS model, it hasbeen shown that all the experimentally availablelevel density data can be described to anaccuracy comparable with the widely used phenomenologicalformulas. Important effort stillhas to be made to improve the microscopicdescription of collective (rotational and vibrational)effects, as well as their dependence onthe excitation energy. It looks promising thatsuch calculations can soon be performed withinthe Shell Model Monte Carlo (SMMC) approachwhich allows the description of nuclear propertiesat finite temperature and has recently beensuccessfully adopted to microscopically derivelevel densities for medium-mass nuclei. TheSMMC model considers correlations among valencenucleons by a realistic interaction and,hence, treats pairing correlations in the groundand excited states consistently. Such a coherentdescription in level density models based onmean-field approaches is still needed. Futureglobal combinatorial and shell model calculationsof level densities will significantly improvethe reliability of the predictions for exotic nuclei.

                                                    

                                                    7. Nuclei in the Universe 1377.7.4 Optical potentialsConventional global optical potentials areparametrized in nuclear astrophysical applicationsby a Woods-Saxon form. Recentlya nucleon-nucleus optical potential has beenderived from the Reid hard core nucleon–nucleon interaction within the framework of theBrückner–Hartree–Fock (BHF) approximation.This potential has been empirically renormalizedto reproduce scattering and reaction observablesfor a large set of spherical and quasisphericalnuclei in a wide energy range fromthe keV region up to 200 MeV. However, theasymmetry component in the potential has tobe improved to guarantee a reliable and accuratedescription of extremely neutron-rich nuclei. Toachieve this goal BHF calculations of asymmetricnuclear matter would be most useful.The derivation of reliable α-nucleus opticalpotentials is much more complicated and the latestdevelopments are rather scarce. The verylow energies which are of relevance in astrophysicalenvironments (far below the Coulomb barrier)make the extrapolation of global potentialsquite uncertain (see Section 7.5)). For thesereasons, new global potential parametrizationsof Woods-Saxon or double folding types havebeen proposed in order to better take into accountthe strong energy and nuclear structuredependence which affects the absorptive part ofthe potential at low energies. However, experimentaldata at low energies (elastic and inelasticscattering, α-capture or (n,α) cross sections) arescarce making the predictive power of the newparametrizations still uncertain.7.7.5 γ-ray strength functionsThe radiative neutron capture rate at energiesof relevance in astrophysics is sensitive to thelow-energy tail of the giant dipole resonance,in particular if pygmy resonances exist close tothe neutron threshold as recently been suggestedby some experiments and model calculations.The E1 strength distribution is conventionallydescribed by a generalized Lorentzian model.Due to its importance, however, improved globaldescriptions are warranted. A first systematicand microscopic attempt to derive global E1-strength functions is based on spherical QRPAcalculations adopting a Skyrme force. Futurecalculations should be based on the HFB-QRPAmodel to guarantee a consistent description ofpairing correlations and should consider nucleardeformation and higher-order QRPA effects.7.7.6 β-decay ratesThe reliable calculation of β-decay rates isstrongly complicated by the fact that the ratesare highly sensitive to the low-energy wing ofthe spin-isospin response functions introducinga strong nuclear structure dependence. Recentlyfirst attempts to derive these rates based on afully self-consistent HFB plus QRPA descriptionof the ground state and β-decay properties havebeen made. Although promising, these calculationsclearly need improvements. In particular,the global calculations should be based on amass-independent finite-range effective nucleonnucleoninteraction that ensures a universal andaccurate description of the spin-isospin excitationsof arbitrary multipolarity in the wholenuclear chart. Furthermore, such fully selfconsistentmodels for spherical and deformed nucleineed to be developed. Currently the reproductionof ground-state properties and the spinisospinexcitation with the same value of theLandau-Migdal interaction (as extracted fromexperimental data) is an open problem. In addition,the influence of forbidden transitions andhigher-order QRPA effects on the β–decay ratesneed to be studied systematically.Without doubt, the shell model, which takesall correlations among the valence nucleons intoaccount, represents the method of choice to deriveβ-decay rates. Due to computational limitations,the model is currently restricted to lightor intermediate-mass nuclei, and to nuclei witha single closed shell like the r-process waitingpoints. Extension of the model to heavier nucleiis certainly needed for future astrophysicalapplications.To illustrate the present status of our abilityto predict reaction rates, Figure 7.7 showsa comparison of the reaction rates estimatedwithin the statistical Hauser-Feshbach modelmaking use of 14 differents sets of nuclear in-

                                                    

                                                    138 7. Nuclei in the UniverseZ10080604020r < 33 < r < 1010 < r < 3030 < r < 100r > 10040 80 120 160 200 240Figure 7.7: The ratio r of the maximum and minimumrates for neutron radiative captures on individualnuclei with charge and neutron numbers Z, N obtainedfor 14 different sets of nuclear inputs. The differentcolor codings correspond to different r ranges.The adopted temperature is T =1.5 × 10 9 K. (CourtesyS. Goriely)gredients, based on macroscopic as well as microscopicinputs as described in the previoussubsections. The maximum-to-minimum ratiosr reflect the remaining uncertainties affectingthe reaction rate estimate for stable as well asunstable neutron-deficient and neutron-rich nuclei.In particular, microscopic models give riseto very different predictions than the widelyused macroscopic ones. Much work remains tobe done, especially in the neutron-rich region,to improve the reliability and accuracy of thepresent approaches.N7.8 RecommendationsOne of the great attractions of nuclear astrophysicsis its diversity, which is not only reflectedby its strong interdisciplinary character, but alsoin the need for a wide span of experimental facilities,ranging from major international laboratoriesto small university-based research laboratories.We constitute therefore with satisfactionthat many European research centers, includingthe GSI, Ganil, Louvain-La-Neuve, GranSasso, INFN, KVI Groningen and CERN, haveendorsed a strong programme towards nuclearastrophysics. At the same time, much of the importantprogress, which we witnessed in recentyears, has been achieved by university groups.Both, the activities at the large research centersand at the university laboratories, have to becontinued and extended.At many frontiers in nuclear astrophysics,progress depends decisively on the knowledge ofproperties of short-lived, exotic nuclei far-off thevalley of stability. Determining these propertiesand experimenting with such short-lived nuclei,as they naturally only occur at the extreme conditionsof many astrophysical objects, requiresthe availability of intense radioactive ion-beams.Recommendation 1: With highest prioritywe recommend therefore the immediateconstruction of the radioactive ionbeamfacility at the GSI in Darmstadt.This would make the GSI for many yearsa world-leader in experimental nuclearastrophysics, ideally supplementing thestrong European efforts in astrophysics,cosmology and space research.Complimentary to fragmentationbeams, top-level research in Europein nuclear astrophysics also requires asecond-generation ISOL facility. Theconstruction of EURISOL is thereforehighly recommended for the intermediatefuture.An immediate upgrade of existing facilitieslike Spiral at GANIL and Rex-Isolde at CERN to accelerate also heaviernuclei is highly recommended, to bridgethe gap until the second-generation radioactiveion-beam facilities are operational.The Underground Laboratory at the GranSasso has proven itself as a worldwide uniquefacility devoted to measure astrophysically importantnuclear reactions to unprecedently lowenergies, sometimes even reaching the relevantstellar energies.Recommendation 2: To optimally exploitthe unique opportunities, offered bythis laboratory, we recommend with veryhigh priority the installation of a compact,high-current 5-MeV accelerator for lightions equipped with a high-efficiency 4πarrayof Ge-detectors.Traditionally a strong component of the nuclearastrophysics research is carried out bysmaller university groups and research labora-

                                                    

                                                    7. Nuclei in the Universe 139tories. The expertise of these groups is vital forthe field. This research is often centred arounduniversity accelerators which also hold a potentialfor interdisciplinary research in other scienceareas (material research, life science etc.)providing additional training grounds for youngresearchers. We also point to the broad educationalbenefits of dedicated experiments at suchlaboratories allowing young researchers to be responsiblyinvolved from the design phase of theexperiment to the data taking and analysis.Recommendation 5: We recommendwith very high priority the initiation ofdedicated programmes to train youngresearchers in theoretical nuclear astrophysicsand the creation of related positionsat universities and research laboratories.Recommendation 3: We recommend,with very high priority, to continue andextend the dedicated nuclear astrophysicsprogrammes built around smaller universityand research laboratory accelerators.Due to the interdisciplinary character of thefield, progress in nuclear astrophysics requiresan extensive contact and exchange of ideasbetween theoretical and experimental nuclearphysicists and astrophysicists, cosmologists andobservers.Recommendation 4: We recommenda strong initiative to develop the necessaryinfrastructure to coordinate the specificnuclear astrophysics needs like up-todateand exhaustive data bases. The EuropeanCentre for Theoretical Studies inNuclear Physics and Related Areas ECT*in Trento offers the ideal environment forsuch contacts and will continue to play acrucial role here.Theoretical development should focus on nuclearstructure far-off stability, the developmentof nuclear reaction models which allow more accurateextrapolations of data to astrophysicallyrelevant energies, the nuclear equation of state,neutrino opacities of hot, dense matter, and neutrinoemissivities of dense matter in neutronstar cores. Theoretical nuclear astrophysics requireaccess to powerful computers and, moreimportantly, qualified young researchers. Thisis in particular true for topics related to nuclearstructure physics and becomes progessivelyimportant once the desired data from the newradioactive ion-beam facilties become availableand require theoretical explanation and modelling.
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                                                    8. Fundamental Interactions 1418. Fundamental InteractionsConvenor: K. Jungmann (The Netherlands);H. Abele (Germany), L. Corradi (Italy), P. Herczeg (USA),I.B. Khriplovich (Russia), O. Naviliat (France), N. Severijns (Belgium),L. Simons (Switzerland), C. Weinheimer (Germany),H.W. Wilschut (The Netherlands)<strong>NuPECC</strong> Liaison: H. Leeb (Austria), C. Bargholtz (Sweden)8.1 Forces and symmetriesSymmetries play an important and crucial rolein physics. Global symmetries give rise to conservationlaws and local symmetries yield forces.Four fundamental interactions are known todate:• Gravitation,• Weak Interactions,• Electromagnetism, and• Strong Interactions.The Standard Model (SM) provides a theoreticalframework in which Electromagnetic,Weak and many aspects of Strong Interactionscan be described to astounding precision in asingle coherent picture. A major goal in modernphysics is to find a unified quantum field theorywhich provides a description of all the four fundamentalforces. Nowadays the description ofStrong Interactions presents challenges particularlyat low energies which are covered in thisreport in a dedicated chapter on QCD. A satisfactoryquantum description of gravity remainsyet to be found and is a lively field of actualactivity.The Standard Model has three generationsof fundamental fermions which fall into twogroups, leptons and quarks. The latter are thebuilding blocks of hadrons and in particular ofbaryons, e.g. protons and neutrons, which consistof three quarks. Forces are mediated bybosons: the photon, the W ± - and Z 0 -bosons,and eight gluons. In the SM the number ofbaryons is conserved and several different leptonnumber conservation laws hold. Leptonsare special through their insensitivity to stronginteractions. For quarks the mass eigenstatesand the eigenstates for weak interactions are notidentical. Their mixing with which they participatein interactions is governed by the Cabbibo-Kobayashi-Maskawa (CKM) matrix. Recent observationsof neutrino oscillation experimentsdemonstrate that neutrino flavours mix, too. Investigationsof the nature of these processes andthe behaviour of neutrinos rank among the topurgent questions in physics.Here we are concerned with important implicationsof the SM and centrally with searchesfor new, yet unobserved interactions. Such aresuggested by a variety of speculative models inwhich extensions to the present standard theoryare introduced in order to explain some of thenot well understood and not well founded featuresin the SM. Among the intriguing questionsare the hierarchy of the fundamental fermionmasses and the number of fundamental particlegenerations. Further, the electro-weak SM has arather large number of some 27 free parameterswhich all need to be extracted from experiments.It remains very unsatisfactory that the physicalorigin of the observed breaking of discrete symmetriesin weak interactions, e.g. of parity (P),of time reversal (T) and of combined charge conjugationand parity (CP), remains unrevealed,although the experimental facts can be well describedwithin the SM. The role of CP violationis of particular importance through its possiblerelation to the observed matter-antimatterasymmetry in the universe. This connection isone of the strong motivations to search for ad-

                                                    

                                                    142 8. Fundamental Interactionsditional sources of CP violation 1 .The speculative models beyond the presentstandard theory include such which involve leftrightsymmetry, fundamental fermion compositeness,new particles, leptoquarks, supersymmetry,supergravity and many more. Interestingcandidates for an all encompassing quantumfield theory are string or membrane (M) theorieswhich in their low energy limit may includesupersymmetry.In the electro-weak part of the SM veryhigh precision can be achieved for calculations,in particular within Quantum Electrodynamics(QED), which is the best tested field theory weknow and a key element of the SM. QED allowsfor extracting accurate values of important fundamentalconstants from high precision experimentson free particles and light bound systems,where perturbative approaches work very wellfor their theoretical description. The obtainednumbers are needed to describe the known interactionsprecisely. Furthermore, accurate calculationsprovide a basis to searches for deviationsfrom SM predictions. Such differenceswould reveal clear and undisputed signs of NewPhysics and hints for the validity of speculativeextensions to the SM. For bound systems containingnuclei with high electric charges QED resemblesa field theory with strong coupling andnew theoretical methods are needed. Experimentsat Nuclear Physics facilities at low andintermediate energies offer in this respect a varietyof possibilities which are complementary toapproaches in high energy physics and in somecases exceed those significantly in their potentialto steer physical model building.Within the next decade the theoretical andexperimental activities in the field of fundamentalinteractions will therefore consist of two importantdirections: (i) the search for physics beyondthe SM in order to base the descriptionof all physical processes on a conceptually moresatisfying foundation, and (ii) the application of1 A. Sakharov has suggested that the observed dominanceof matter could be explained via CP-violation inthe early universe in a state of thermal non-equilibriumand with baryon number violating processes. CP violationas described in the SM is insufficient to satisfy theneeds of this elegant model.SM knowledge to extract fundamental quantitiesand to achieve a description of more complexphysical systems, in particular of atomicnuclei. Both goals can be achieved at upgradedpresent and novel to be built facilities.8.2 Fundamental Fermions8.2.1 Neutrino OscillationsWithin the last few years our knowledge of basicneutrino properties has dramatically changed.What has been supposed from solar and atmosphericneutrino experiments for quite a whilewe know now with evidence: neutrinos cantransform from one flavor species into anotherone. The most likely explanation are “neutrinooscillations” (see box on page 143).Specific oscillation signals besides the disappearanceof the initial neutrino flavor are theappearance of a new neutrino flavor or a distinctspectral distortion of the energy spectrum.Neutrino oscillation experiments are sensitive tothe mixing parameters U αi and to the differenceof the squared masses of the two neutrino masseigenstates ∆m 2 ij = |m2 (ν i ) − m 2 (ν j )|. The currentresults allow to describe each neutrino oscillationcase in a reduced 2-flavour space withone difference of squared masses ∆m 2 ij and onemixing parameter only.The Super-Kamiokande experiment in Japanhas measured the angular deficit of up-goingatmospheric neutrinos clearly pointing towardsthe oscillation of muon neutrinos into nonelectronneutrinos, most probably into tau neutrinosat maximum mixing and a difference ofsquared neutrino masses of about ∆m 2 ≈ 2.5 ·10 −3 eV 2 .The long-standing solar neutrino deficitclearly seen by the Chlorine and by thewater-Cherenkov detectors 2 as well as by theGallium radio-chemical experiments appearsto be caused by solar electron neutrinos oscillatinginto muon and tau neutrinos. The SNO2 R. Davis and M. Koshiba received the Nobel Price2002 for leading early experimental activities which resultedin the discovery of the solar neutrino deficit andthe observation of supernova neutrinos.

                                                    

                                                    8. Fundamental Interactions 143Neutrino OscillationsNeutrino mixingSimilar to the quark sector (see box on page 148, the neutrino flavor eigenstates ν e , ν µ and ν τ ,which are defined by being the partners of e, µ and τ in charged current weak interactions, are notnecessarily identically to the mass eigenstates ν 1 , ν 2 , ν 3 , but are superpositions of the latter. Theneutrino mass basis ν i and the neutrino flavor basis ν α are then connected by a unitary mixingmatrix U.⎛ ⎞ ⎛⎛⎝ν eν µν τ⎠ = ⎝⎞U e1 U e2 U e3U µ1 U µ2 U µ3⎠U τ1 U τ2 U τ3⎝⎞ν 1ν 2⎠ν 3Neutrino oscillationThe existence of neutrino oscillation requires neutrino mixing and differences in neutrino masses(and therefore non-zero neutrino masses). When a neutrino is created with a certain flavor by aweak interaction process (e.g. a ν e in the sun) and it moves towards a detector, its propagation hasto be described not in terms of flavor eigenstates ν α but in terms of mass eigenstates ν i . Therefore,the weak eigenstate has to be transformed into a sum of mass eigenstates ν i , which propagateindependently.source propagation detectorIf the contributing mass eigenstates m(ν i ) differ in mass, phase differences are accumulated duringthe flight. Since at the detector the neutrinos are detected by a weak interaction, the transformationhas to be reversed again. The various contributions need to be added coherently and not alwaysthe same flavor is obtained back. Hence, the ν e of our example could be converted into a ν µ or aν τ .As the disappearance of the initial neutrino flavor and the corresponding appearance of anotherflavor is periodic in the propagation length. This process is called “neutrino oscillation”. In asimple case of only two neutrinos the matrix U can be described by a single mixing angle θ. Withthe difference of the contributing squared neutrino masses ∆m 2 ij the transition probability is givenby( )∆m2P (ν α → ν β ) = sin 2 (2θ) · sin 2 ij · L4EIn case of neutrino propagation through normal matter, the existence of electrons and the absenceof muons in normal matter causes a different “diffraction index” for ν e with respect to ν µ or ν τleading to an additional phase difference due to matter effects. Under some conditions this so-calledMSW effect could change the neutrino flavour almost entirely.

                                                    

                                                    144 8. Fundamental Interactions(Sudbury Neutrino Observatory) experiment inCanada measures in neutral current reactionsas many neutrinos as expected from the solarmodel, but detects only one third in charged currentreactions as electron neutrinos. Combiningthe different solar neutrino experiments yields 2regions of possible solutions, which both requirestrong neutrino mixing.The most favored theoretical solution,“LMA” (large mixing angle), predicts the differenceof squared neutrino masses in the rangeof 3 · 10 −5 eV 2 < ∆m 2 < 2 · 10 −4 eV 2 , whereasthe less favored solution, “LOW” (lower valuesof mass differences) would require difference insquared neutrino masses of ∆m 2 ≈ 10 −7 eV 2 .In both cases the oscillation parameters are suchthat matter effects play a significant role in thepropagation of the neutrinos through the sunand possibly also through the earth, which isknown as the Mikheyev-Smirnov-Wolfenstein orMSW-effect.The evidence for a third neutrino oscillationreported by the LSND (Liquid ScintillatorNeutrino Detector) experiment in Los Alamos,USA, does not fit into the most simple pictureof 3 neutrino flavours only. It could notbe reproduced by the KARMEN (KarlsruheRutherford Muon Electron Neutrino) experimentat the Rutherford Appleton Laboratory(RAL) in England, but also it could notbe fully excluded. The dedicated MiniBoone(Mini Booster Neutrino) experiment at Fermilab,USA, has just started and will be able tocheck the LSND claim within a few years. Untilthen, there is little motivation to consider oscillationexperiments at a future spallation source.However, they might be of relevance for determiningastrophysical interesting cross sections(see Chapter 7).The existence of neutrino flavor transformationis most probably due to neutrino oscillationand therefore requires non-zero neutrino masses.It is a clear signal for physics beyond the SM.The values of the neutrino mixing matrix U αiand of the neutrino masses are sensitive to differentpossible models beyond the SM. They alsohave strong consequences for cosmology and astrophysics(see section 8.2.2). Therefore, the hypothesisof neutrino oscillation requires furtherconfirmation and sharpening of the oscillationparameters.The SNO experiment and the two Galliumradiochemical experiments GNO (GalliumNeutrino Observatory) and SAGE (Russian-American Gallium Experiment) at the GranSasso National Laboratory (GSNL), Italy, andin Russia are continuing to take solar neutrinodata and to improve the precision. Two newexperiments are pinning down the parameterspace for solar neutrino oscillation parameters:The long baseline reactor neutrino experimentKamLAND (Kamikoka Liquid scintillator Anti-Neutrino Detector) in Japan has presented firstresults in late 2002 showing a significant ratedeficit, proving the favored “LMA” parametersto be the correct solution (see figure 8.1) Thesolar 7 Be neutrino experiment BOREXINO atGSNL will start soon. The focus of future activitieswill be a precise determination of theoscillation parameters.Future solar neutrino experiments will providereal time detection, high statistics, very lowthreshold to measure the pp neutrinos, and spectralresolution. The difference between elasticscattering, e.g. XMASS (Xenon massive detectorfor solar neutrino) in Japan, and chargedcurrent experiments, e.g. LENS (Low EnergyNeutrino Spectroscopy) at GNSL, will allow todetermine both the electron neutrino and totalactive flavor content. The interpretation of lowenergy neutrino experiments (e.g. with solarneutrinos) depend in part on a precise knowledgeof neutrino-nucleus reaction cross sections.Few experimental data are available so far andreliable theoretical predictions are needed.In case that ∆m 2 lies in the high-∆m 2 rangeof the “LMA” solution, e.g. “HLMA” region,the KamLAND experiment would see a suppressionof the rate, however could not determinethe mixing parameters precisely. A new reactoroscillation experiment with a baseline of ≈ 20km would then be necessary in order to measurewith high accuracy ∆m 2 and the mixingangle.

                                                    

                                                    8. Fundamental Interactions 145∆m 2 [eV 2 ]10 010 Ð310 Ð6 LOWν e↔ν Xν µ↔ν τ10 Ð9ν e↔ν τν e↔ν µVAC10 Ð4 10 Ð2 10 0 10 2tan 2 θ10 Ð12KARMEN2SMALSNDBugeyCHOOZLMACDHSWCHORUSNOMADNOMADCHORUSBNL E776SuperKKamLANDPaloVerdeFigure 8.1: Exclusion plot for the three ν oscillationmodes ν e → ν µ , ν e → ν τ , ν µ → ν τ (markedby different line styles). The cyan (90% C.L.) andyellow areas (95% or 99% C.L.) mark evidences foratmospheric ν µ → ν τ (SuperK), for solar ν e → ν x(LMA), Reactor ¯ν e disappearence (KamLAND) andfor accelerator ¯ν µ → ¯ν e (LSND) (courtesy of H. Murayama).The atmospheric neutrino oscillation hypothesiswill be checked by long baseline acceleratorneutrino experiments under construction.Future neutrino “superbeams” (high flux, lowcontamination by off-axis beams) or neutrinofactories (neutrinos from muons decaying in astorage ring) will allow to approach remainingintriguing questions connected to fundamentalinteractions: CP violation in the lepton sector,including a CP violating phase and the smallmixing matrix element U e3 , which are importantfor leptogenesis.8.2.2 Neutrino MassesNeutrino oscillation experiments provideus with the differences of the squaredneutrino masses, however, absolute neutrinomasses can not be determined.Once one neutrino mass will have beendetermined by different means, the other neutrinomasses could be reconstructed using the∆m 2 ij values from neutrino oscillation experiments3 . The absolute neutrino mass has strongconsequences for astrophysics and cosmology aswell as for nuclear and particle physics. If theneutrino mass states are hierarchical like thecharged fermions, the different neutrino masseswould be governed by the square root of ∆m 2 ij .In contrast the neutrino masses could be quasidegenerate,but the masses themselves could bemuch larger, e.g. a few tenth of an eV. Due tothe huge relic neutrino density in the universethe latter case would be very important forcosmology concerning topics such as hot darkmatter contribution, structure formation andthe evolution of the universe. Both scenarios 4would require different extensions of the SMto describe these neutrino masses. Therefore,determining one neutrino mass absolutely isone of the most important next step in neutrinophysics.Although the observations of the structurein the universe at different scales and of theangular distribution of the fluctuations of thecosmic microwave background radiation allow toset constraints on the hot dark matter contentof the early universe and therefore on the neutrinomass, these constraints are model dependent.On the other side, there are strong degeneraciesbetween the different parameters andit is therefore very helpful to supply informationfrom laboratory neutrino mass experimentsto determine the other astrophysics parametersmore precisely.Information on neutrino masses by labora-3 To reconstruct the mass scheme unambiguously, itwould require to determine the sign of ∆m 2 ij.4 Of course any neutrino mass scenario in between thehierarchical and the quasi-degenerate pattern would bepossible.

                                                    

                                                    146 8. Fundamental Interactionstory experiments 5 can be inferred using two differentapproaches: the so-called “direct massmeasurements” and the search for neutrinolessdouble β-decay. Both methods give complementaryinformation on the neutrino masses m(ν i ).Given the arguments above both methods mustreach a clear sub-eV sensitivity in the future.Direct Mass MeasurementsBesides time-of-flight measurements of neutrinosfrom a strong astrophysical source likea supernova 6 the kinematics of weak decaysare investigated: The charged decay productsare measured and the neutrino mass is reconstructedusing energy and momentum conservation.If the different neutrino mass states m(ν i )are not resolved averaged neutrino mass valuesare obtained, e.g.m 2 (ν e )= ∑ i|U 2 ei|·m 2 (ν i ) . (8.1)The lowest limits on neutrino masses are comingfrom β-decay experiments, especially from tritiumβ-decay: The Mainz Neutrino Mass Experimentis giving an upper limit of m(ν e ) < 2.2 eV7 . A direct sub-eV sensitivity is strongly neededto check the cosmological relevant neutrino massrange and quasi-degenerate mass scenarios.Experiments measuring the 187 Re β-decaywith arrays of cryogenic bolometers are in theresearch and development phase. Their present5 It should be added that in the SM, extended by nonzeroneutrino masses, Dirac neutrinos will have a tinymagnetic moment proportional to their mass. The searchfor a much larger magnetic moment, and therefore forphysics beyond the SM, is currently performed with theMUNU experiment. One motivation was the solar neutrinoproblem, which now seems to be explained by neutrinooscillation.6 Although in case of a galactic supernova the currentneutrino detectors would provide much better statistics,the uncertainty of the time distribution of the neutrinoemission does not allow to reach a sub-eV sensitivity onthe neutrino mass. A new idea is to use neutrinos fromgamma ray bursts (GRB) that have time structures ona ms scale. Whether these processes are also connectedwith the emission of low energy neutrinos, is as unclearas the whole GRB phenomena.7 The same limit is given by a second experiment atTroitsk, Russia, but after correcting for a not fully understoodeffect.sensitivity is yet one order of magnitude belowthe current tritium β-decay experiments, butthey are going to improve by enlarging the arraysand the energy resolution. Whether theycan reach a sub-eV sensitivity on the neutrinomass is unclear yet. The proposed KarlsruheTritium Neutrino (KATRIN) experiment willimprove the sensitivity on the neutrino mass byone order in magnitude down to about 0.3 eV.It is based on a huge tritium β-spectrometerwhich uses the successful technique of MagneticAdiabatic Collimation combined with an Electrostaticfilter (MAC-E-Filter). The experimentcombines almost the entire world expertise inthis field with the infrastructural benefits of theForschungszentrum Karlsruhe, Germany.Neutrinoless Double β-decayThe neutrinoless double β-decay is sensitive tothe so-called “effective” neutrino massm ee = | ∑ Uei 2 · m(ν i )| , (8.2)iwhich is a coherent sum over all mass eigenstatescontributing to the electron neutrino with fractionU ei . The determination of m ee from themeasurement of the neutrinoless double β-decayrate is complementary to the direct determinationof the mass of the electron neutrino (eq.(8.1)). The values of m ee and m(ν e ) could differfor different reasons:• Double β-decay requires the neutrino to bea Majorana particle.• The values Uei 2 in eq. (8.2) can have complexphases, which could lead to a partial cancellationof the different terms in the sum.Especially, the preference to large mixing assuggested through recent solar neutrino dataallows this possibility.• The uncertainty of the nuclear matrix elementsof neutrinoless double β-decay stillcontributes to the uncertainty of m ee byabout a factor of 2.• Non SM processes, other than the exchangeof a Majorana neutrino, could enhance theobserved neutrinoless double β-decay ratewithout changing m ee .

                                                    

                                                    8. Fundamental Interactions 147By comparing m(ν e ) and m ee there is a potentialto gain information on CP and Majorana phasesand on other physics processes beyond the SMwhich contribute to the neutrinoless double βdecay amplitude.The lowest limit of m ee < 0.35 eV was reportedfrom the Heidelberg-Moscow experiment,which is located in the Grand Sasso undergroundlaboratory in Italy. An array of 76 Geenriched semiconductor detectors is employed.Recently part of the collaboration interpretedthe data as a signal for neutrinoless doubleβ-decay. Experiments with much enhanced sensitivityare clearly needed to improve the presentresult beyond dispute and to allow a meaningfulcomparison with direct ν mass measurements.NEMO3 (Neutrino Ettore Majorana Observatory)at the Frejus Underground Laboratory inFrance, CUORICINO (the predecessor of theCryogenic Underground Observatory for RareEvents (CUORE) and GTF (the Test Facility ofthe GErmanium NItrogen Underground Setup(GENIUS), both at GSNL, are experiments inthe starting phase aiming at a sub-eV sensitivityfor m ee . The proposed experiments of the nextgeneration, CUORE and GENIUS in Europe,the American Majorana experiment and the EnrichedXenon Observatory (EXO) and the Japanese/AmericanMo Observatory Of Neutrinos(MOON) aim to reach a sensitivity below 0.1 eV,by using masses of 1 t of high isotopic abundanceand strong background suppression in undergroundlaboratories. Due to the large effortand the limited resources (e.g. enriched Germanium)the different approaches should be focusedto a few international experiments usingcomplementary techniques and isotopes. On thetheoretical side efforts are needed to improvethe knowledge of the nuclear matrix elementsof neutrinoless double β-decay, which still differby about a factor 2 for different calculations.8.2.3 QuarksWell before the observation of neutrino mixingit had been established that quarks participatein weak interactions with a mixture of theirmass eigenstates (section 8.2.1). The mixingis governed by the Cabbibo-Kobayashi-Maskawa(CKM) matrix (see Table 8.1).The unitarity of this matrix has been putinto question by a series of recent experiments.If unambiguously confirmed, such a violation ofthe SM requirement could be the result, for example,of couplings to exotic fermions, of the existenceof an additional Z boson, of supersymmetryor of the existence of right-handed currentsin the weak interaction. In models with an extendedquark sector an induced neutron electricdipole moment could arise that can be withinreach of next generation of experiments.Due to its large size a determination of |V ud |(see Table 8.1) is most important. It has beenderived from a series of experiments on superallowednuclear β-decays through determinationof Q-values and partial lifetimes. With the inclusionof nuclear structure effect and radiativecorrections a value of |V ud | = 0.9740(5) emergesin good agreement between different, independentmeasurements in nine nuclei. The quoteduncertainty, however, is dominated by theorydue to the amount, size and complexity of theoreticaluncertainties.Figure 8.2: Contributions to the uncertainties of theV ud CKM matrix element from experiment (Exp)and theory. δ R is the transition dependent part and∆ R is the transition independent part of the radiativecorrection. For nuclear β -decay there is a radiativecorrection δ NS from nuclear structure. The arrow indicatesthe estimated range of the total uncertainty,mainly arising from difficulties in calculations of thestructure-dependent isospin breaking correction δ C .

                                                    

                                                    148 8. Fundamental InteractionsQuarks and the CKM matrixQuarks, the building blocks of hadrons, existin six flavours: up (u), down (d), charm (c),strange (s), top (t) and bottom (b). Mesonslike the pion and the eta consist of a quarkantiquarkpair, baryons like neutrons and protonsare built from three quarks. Similar tothe description given for neutrinos (page 143)the quark weak interaction eigenstates do notcorrespond to their mass eigenstates. As anexample, in weak decays the involved quarkscarry small contributions from other quarks.This was first recognized by Cabbibo for thefirst two quark generations and later expandedby Kobayashi and Maskawa to all quarks.By convention, the u, c and t quarks remainunmixed and all mixing is between the d, sand b quarks. The mixing is expressed inthe CKM-matrix V the elements of which canbe extracted from weak decays of the relevantquarks. The SM requires the matrix to be unitary.This condition restricts magnitude andphases of the elements; as an example,V ud Vub ∗ + V cdVcb ∗ + V tdVtb ∗ =0. (8.3)The standard parametrization of the unitaritycondition uses three angles and a complexphase, which breaks CP invariance. The unitaritytriangle is a geometrical representationof eq. (8.3). The angles β and γ are phases ofthe matrix elements V td and V ub . All processescan be understood by γ =59 ◦ ± 13 ◦ . The combinedresults from the BaBar and Belle experimentsyield β =26 ◦ ± 4 ◦ .So far precision tests of unitarity have onlybeen possible for the first row of the matrix.They are parameterized through|V ud | 2 + |V us | 2 + |V ub | 2 =1− ∆, (8.4)where in the SM ∆ vanishes. A possible violationof unitarity of the CKM matrix is a challengeto the three generation Standard Modeland could e.g. point to more particle generations.Although the radiative corrections include effectsof order Zα 2 , part of the nuclear correctionsare difficult to calculate. Further, the changein charge-symmetry-violation for quarks insidethe nucleus results in an additional changein the predicted decay rate which might leadto a systematic underestimate of |V ud |. Alimitation has been reached where new conceptsare needed to progress. Such are offered bystudies of neutron and pion β-decays, where thetheoretical situation is more clear due to lowercomplexity of their structure (figure 8.2).Recently, |V ud | has been determined using ahighly polarized cold neutron beam at the InstitutLaue-Langevin (ILL) in France. A valueof 0.9713(13) has been extracted from a measurementof the β-p angular correlation (see alsosection 8.2.5) in the decay n → pe − ν e togetherwith the neutron lifetime. This measurementhas little sensitivity to corrections for hadronicstructure.The pion β-decay (π + → π 0 e + ν e ) isbeing measured at the Paul Scherrer Institut(PSI) in Switzerland. The preliminary result isV ud =0.9971(51) with the size of the uncertaintyarising from the small branching ratio of thischannel and statistics.The analysis of K e3 decays yields |V us | =0.2196 (23). Hyperon decays can be used to determinethis element, however, with lower precisionbecause of theoretical uncertainties in calculatingSU(3) symmetry breaking effects in theaxial-vector couplings favouring K-decay experiments.The K + e3 (K+ → π 0 e + ν e ) and K + µ3 K e3(K + → π 0 µ + ν e ) branching ratios are based onresults of experiments carried out some 20 yearsago and on constrained fits. Therefore new dedicatedK e3 experiments are very desirable.The element V ub is of no present concernfor the CKM unitarity question as its value of3.6(7)·10 −3 as determined from LEP and CLEOresults is rather small.Finite values of the unitarity breaking parameter∆ (eq. (8.4)) can be determined,0.0032(14) using |V ud | from nuclear β-decays and0.0083(28) from neutron decay. The questionwhether here a deviation from the SM can be

                                                    

                                                    8. Fundamental Interactions 149Table 8.1: CKM quark-mixing matrix with 90%. C.L. The unitarity constraint has pushed |V ud | about oneto two standard deviations higher than given by the experiments.V ud = 0.9741 to 0.9756 V us = 0.219 to 0.226 V ub = 0.0025 to 0.0048V cd = 0.219 to 0.226 V cs = 0.9732 to 0.9748 V cb = 0.038 to 0.044V td = 0.004 to 0.014 V ts = 0.037 to 0.044 V tb = 0.9990 to 0.9993manifested will require advances in the theorecticaldescription of superallowed nuclear, neutronor pion β-decays. Promising results can beexpected from neutrons due to their low structureinternal sensitivity, if new intense cold andultracold neutron sources will be available, suchas reactor or spallation facilities.An independent test of CKM unitaritycomes from hadronic W decay branching ratiosmeasured at LEP. Since decay into the top quarkchannel is forbidden by energy conservation onewould expect ∑ |V ij | 2 to be 2 with a three generationunitary CKM matrix. The experimentalresult is 2.032(32), consistent with eq. (8.3) butwith considerably lower accuracy.8.2.4 Rare DecaysMost unstable elementary particles exhibit typicallyseveral decay modes. The dominatingmodes can be exploited to determine precise valuesof fundamental constants. As an example,the Fermi coupling constant in weak interactionsG F can be obtained through the lifetime measurementin the muon decay µ + → e + ν e ν µ . Thisis pursued in three actual experiments at PSIand at RAL. 8Rare decay modes may offer access to parametersof other than the dominating interaction.For such experiments state-of-the-art experimentaltechniques are required. Often theradiation hardness and rate acceptance capabilitiesof detectors are limiting factors. Therefore8 Muon decay serves as a reference standard for, e.g.,superallowed nuclear β-decays. This is motivated becauseof its clean description by V-A weak interactiontheory and the absence of structure effects in all involvedparticles.such experiments contribute strongly towardsadvances in radiation detector technology.In Europe rare meson decays of the π’s andthe η are studied at PSI and at the The SvedbergLaboratory (TSL), Sweden, in order to extractSM parameters, investigate chiral perturbationtheory and to search for symmetry violationssuch as C- and CP-violation. The pion β-decay,with a branching ratio of 10 −8 , not only offersa clean possibility to determine CKM matrix elementV ud but also provides a test of the CVC(conserved vector current) hypothesis. η decayshave provided most sensitive tests of charge conjugationinvariance and improvements are expectedfrom the new measurements.The technical challenges are even higher forthe attempts to observe forbidden decays, wherebranching ratio limits can be even significantlylower. Due to their prominent role, the cleanNew Physics potential and their requirements onmedium energy facilities we will focus here onprocesses which violate baryon number, globallepton number and lepton flavour.Baryon Number ViolationIn this field low energy experiments allow toprobe New Physics at mass scales far beyond thereach of present accelerators or such planned forthe future and at which predicted new particlescould be produced directly. Generally, in mostmodels which aim for the Grand Unificationof all forces in nature baryon number is notconserved. This has lead over the past twodecades to extensive searches for proton decaysinto various channels. Present large neutrinoexperiments have in part emerged form protondecay searches and the present detectors arewell suited to perform these searches along

                                                    

                                                    150 8. Fundamental InteractionsBaryon and lepton numbersIn the SM baryon number (B) and leptonnumber conservation reflect accidentalsymmetries. There exist a total leptonnumber (L) and a lepton number for thedifferent flavours and different conservationlaws which were experimentally established.Some of these schemes are additive, someobey multiplicative, i.e. parity-like, rules.Based on a suggestion by Lee and Yang in1955 there is a strong believe in modernphysics that a strict conservation of thesenumbers remains without a foundationunless they can be associated with a localgauge invariance and with new long-distanceinteractions which are excluded by experiments.Since no symmetry related to leptonnumbers could be revealed in the SM, theobserved conservation laws have no statusin physics. However, the conservation ofthe quantity (B-L) is required in the SMfor anomaly cancellation. Baryon number,lepton number or lepton flavour violationappear natural in the framework of manyspeculative models beyond the SM and oftenwith probabilities reaching up to the presentestablished limits (see table 8.2).The observations of the neutrino-oscillationexperiments (see section 8.2.1) have demonstratedthat lepton flavour is broken andonly the total additive lepton number has remainedunchallenged. Searches for chargedlepton flavour violation are practically not affectedin their discovery potential by theseneutrino results. For example, in a SM withmassive neutrinos the induced effect of neutrinooscillation into the branching probabilityP µ→eγ of the possible decay mode µ → eγis of orderP µ→eγ =∆m 2 /400eV · 10 −39 . (8.5)This can be completely neglected in view ofpresent experimental possibilities. Thereforehere is a clean possibility to search for NewPhysics at mass scales far beyond the reachof present accelerators or such plannedfor the future and at which predicted newparticles could be produced directly.with neutrino detection. Up to now numerousdecay modes have been investigated and partiallifetime limits could be established up to the10 33 year region. One can expect these effortsto be continued with existing setups over thenext decade. In general the detectors with thelargest mass have highest sensitivity.An oscillation between the neutron and itsantiparticle (n − n) would violate baryon numberby two units. Two in principle different approacheshave been employed in the latest experiments.Firstly, such searches were performed inthe large neutrino detectors, where an oscillationoccurring with neutrons within the nuclei of thedetector’s material could have been observed asa neutron annihilation signal in which 2 GeVenergy are released in form of pions. Secondly,at ILL a beam of free neutrons was utilized. Asuppression of an oscillation due to the lifting ofthe energetic degeneracy between n and n wasavoided by a magnetically well shielded conversionchannel. Both methods have established alimit of 1.2×10 8 s for the oscillation time. Significantlyimproved limits are expected to emergefrom experiments at new intense ultracold neutronsources.Lepton Number and Lepton Flavour ViolationNeutrinoless double beta decay (see section8.2.2) probes total lepton number violation. Itis not only important for studying the nature ofthe neutrinos, but also as a tool for searching forother new lepton number violating interactions.To present date highest accuracy for leptonflavour violation has generally been reached indedicated search experiments particularly suchon kaons (K) and on muons (µ) (see Figure 8.3).The decays of heavier elementary particles, however,which can be created in high energy collisionscan be observed with lower accuracy ingeneral and their potential to limit speculativemodels (or verify their predictions) is mostly restrictedto theories in which particle masses enterwith high powers.At present there are two major rare decaymuon projects underway: the MEG (µ → eγ)

                                                    

                                                    8. Fundamental Interactions 151Table 8.2: Recent upper limits on total lepton number and lepton flavour violating processes (90% C.L.).Expected limits from ongoing experiments and the possibilities at future facilities are given.decay limit experiment present activities future possibilityK L → µe 4.7 · 10 −12 BNL E871 ≈ 10 −13K L → π 0 µe 3.1 · 10 −9 KTeV ≈ 10 −13K + → π + µe 4.8 · 10 −11 BNL E865 ≈ 10 −13µ + → e + ν µ ν e 2.5 · 10 −3 KARMENµ → eee 1 · 10 −12 SINDRUM I ≈ 10 −16µ → eγ 1.2 · 10 −11 MEGA 5 · 10 −14 10 −15µ − Ti → e − Ti 6.1 · 10 −13 SINDRUM II 5 · 10 −17 (Al) 10 −18µ − Ti → e + Ca 1.7 · 10 −12 SINDRUM IIB 0 → µe 5.9 · 10 −6 CLEOµ + e − → µ − e + 8.1 · 10 −11 MACS 10 −13τ → eγ 2.7 · 10 −6 CLEO ≈ 10 −7τ → µγ 3.0 · 10 −6 CLEO ≈ 10 −776 Ge → 76 Se e − e − T 1/2 > 1.2 · 10 25 y HD-MOSCOW > 6 · 10 28 ym νe (Maj.) < 0.35eV 0.1eV < 1meVUL Branching Ratio (Conversion P robability)10 -310 -510 -710 -9µ → e γ10 -11µ - N→ e - Nµ + e - → µ - e +10 -13µ → e e10 -15 K L → π + µ eK L → µ e10 -17 K L → π 0 µ e10 -1910 -1 1950 1960 1970 1980 1990 2000 2010YearFigure 8.3: Dedicated searches for lepton numberand lepton flavour violating processes involvingmuons (µ) and kaons (K). Recent K experimentsand µ + e − – µ − e + conversion show the most significantgain in sensitivity. The steady increase in sensitivityis due to both improvements in experimentaltechniques and in the available particle fluxes ataccelerators. Projections of possibilities of ongoingactivities by their experimenters as well as those ofa CERN working group for a neutrino factory (NU-FACT, 4MW proton driver) are shown.experiment at PSI and the MECO (µ − Al →e − Al) experi ment at BNL. They aim for sensitivitiesat 5 · 10 −14 respectively 5 · 10 −17 . Atthese levels there exist predictions from supersymmetricmodels. The decay µ → eγis of particularimportance in connection with genericlepton compositness models. The MEG experimentis designed to utilize the presently mostintense muon source. It relies on a high overalldetection efficiency in a novel detector conceptwhich includes a liquid Xe calorimeter for theγ. MECO relies on its own and yet to be builtintense muon source and a novel signature to reduceaccidental background caused by ordinarymuon decay.The decay µ → e + e − e + has a similar highpotential, however, the realization of an experimenthas so far been hindered because the alloweddecay µ + → e + ν e ν µ e − e + is a potentialbackground source the reduction of whichrequires thorough energy/momentum measurementsof all three electrons in the final state.The conversion of muonium to antimuonium(µ + e − → µ − e + ) is of particular interest becauseit violates lepton flavour by two units (unlikee.g. µ → eγ) . The latest experiment hasbeen driven to the statistics limitation imposedby available muon beam rates. An improvedsearch for this process, which is formally completelyanalogous to the K 0 -K 0 oscillations inthe quark sector, could be carried out at facilitieswith at least two to three orders of magnitudeincreased muon fluxes.

                                                    

                                                    152 8. Fundamental Interactions8.2.5 New Interactions in Nuclear andMuon β-decaysAlready in the 1960’s experiments in nuclear β-decay have shown the weak interaction to bepredominantly of V-A character. Soon after,this V-A theory was incorporated into the SM.Although today the V-A theory is still in agreementwith all experimental data, other interactionscould still participate at the 10% level.In β-decay new interactions can be probedby precision experiments which measure severaltypes of correlations between the spins andmomenta of the particles involved in β-decay.Thus, the presence of exotic interactions (e.g.scalar S and tensor T) can be investigated, aswell as the masses and couplings of the correspondingbosons that are related to such newinteractions. Both neutron and nuclear β- decayare being studied. In the first case the precisionis not affected by nuclear structure corrections.However, in nuclear β-decay natureprovides a large amount of nuclear states withdifferent properties so that transitions can beselected to yield sensitivity to particular physicsbeyond the SM and at the same time assure thatnuclear structure related corrections are small orwell under control.We will not further consider here a possiblepseudoscalar contribution to β-decay, sincethis vanishes in the non-relativistic approximationfor nuclei while, in addition, a very stringentconstraint (≃ 10 −4 level) was obtained from thepion-decay branching ratio Γ(π → eν)/Γ(π →µν). The new interactions can have time reversal(T) invariant and time reversal violatingcomponents. The latter will be discussed in section8.3.2.New Time Reversal Invariant Vector andAxial-Vector InteractionsPrecision measurements of observables whichare sensitive to right handed (V+A) interactionsprovide powerful means to probe specific scenariosof new physics beyond the SM in which themaximal violation of parity is restored at somelevel due to the exchange of non standard newbosons. In nuclear β-decay and in muon de-Figure 8.4: Kinematics for the different possibletypes of β-decay. Fermi β-transitions can proceedthrough vector (V) and scalar (S) interactions,Gamow-Teller transitions through axial-vector (A)and tensor (T) interactions (for axial-vector and tensorinteractions the spin of the positrons has to bereversed). Only vector and axial-vector type interactionshave been observed as yet.cay such observables include asymmetries relativeto the spin of the decaying system and longitudinalpolarizations of the emitted electronsor positrons.Relative measurements comparing the longitudinalpolarization of positrons in 12 N and107 In decays, emitted along two directions withrespect to the nuclear spin, provide so far themost stringent tests of maximal parity violationin nuclear β-decay. The comparison between theelectron (A n ) and the neutrino (B n ) asymmetriesin neutron decay has also reached a comparablelevel of precision. In such relative measurementsthe uncertainties associated either tothe degree of polarization of the decaying systemor to the analyzing power of the polarimeter arestrongly reduced. The measured quantities havereached a level of precision of few parts in 10 −3 .All measurements so far are consistent with theSM predictions.An example of a scenario where parity violationis not maximal is provided by Left-Rightsymmetric models, involving only vector and axialvector couplings but allowing the presence ofright-handed gauge bosons. In the most simpleextension, assuming no mixing between bosons,the experiments in nuclear β-decay providelimits on the mass of hypothetical right-handedgauge bosons at the level of about 300 GeV/c 2 .Within the same scenario, the limits obtained

                                                    

                                                    8. Fundamental Interactions 153by precision measurements in muon decay areat the level of 400 GeV/c 2 . Despite these effortsthese limits turn out not to be competitive withthose obtained from direct searches of new heavycharged bosons performed at colliders, which arecloser to 700 GeV/c 2 . However, within generalizedleft-right symmetric extensions to the SM,these results cannot be compared on the sameCorrelation coefficients in β-decayIn β-decay a parent nucleus with spin J emits a positron (electron) with momentum p and spinσ and an electron (anti)neutrino with momentum q. The double differential decay probabilitycan be written in its most general form byd 2 W∼ 1 + a p · ˆqdΩ e dΩ ν E[+ 〈J〉·+ 〈σ〉·+ b Γ m eEA p p × ˆq+ B ˆq + DE E[G p E + Q 〈J〉 + R 〈J〉× p ]EFor example, the discovery of parity violation was made from the observation that the spincorrelation coefficient A was non-zero. Eventually it lead to a description in terms of exclusivelyvector (V) and axial-vector (A) interactions, i.e. the V-A theory, as part of the SM. From thistheory the value of the correlation coefficients follow depending further only on the structureof the initial and final states. In the SM b vanishes and the T violating contributions to D andR are very small.]decayRecoil MeasurementrecoilrJnucleusneutrinopx 10000recoilJnucleusneutrinoqmomentum vectorsenergy scalesh J ~ (~p + ~q)2 ~p  ~qi 6= 0 ? E recoil=2M recoil< 100 eVSelecting the appropriate initial and final states one can select either the V or A interactionin Fermi or Gamow-Teller β-transitions, respectively, allowing one to search for scalar (S) ortensor (T) contributions by observing the characteristic decay.In practice the neutrino momentum q can not be measured. To measure the full correlationit is necessary to measure the recoil momentum r of the nucleus. The accuracy of these measurementsis hampered by the low kinetic energies, E recoil , of the recoil. A breakthrough inprecision is emerging exploiting ion and atom traps to suspend the radioactive sample, allowingto measure the direction and energy of the recoil most accurately.

                                                    

                                                    154 8. Fundamental Interactionsground due to the different sensitivities to combinationsof the coupling parameters. Moreover,parity restoration mechanisms which involvequark-lepton interactions cannot directlybe probed in the pure leptonic muon decay. Insuch context any new effort at low energies tosearch for the effects of new bosons in the massrange between 500 GeV/c 2 and 1 TeV/c 2 , isstrongly valuable.Recently the proof of principle for the measurementof the electron decay asymmetry innuclear decays using magneto-optical traps hasbeen demonstrated at Los Alamos, USA, with82 Rb atoms. Present efforts to improve theprecision on parity sensitive observables includeasymmetry measurements with nuclei and neutrons,relative measurements of the positron polarizationin the decay of polarized muons, andhigh resolution measurements of the positronspectrum in muon decay at TRIUMF.Much of the progress performed in the lastdecade has been due to the development of newnuclear polarization techniques or to the efficientuse of existing ones. Initiatives oriented towardsthe production of highly polarized, high intensityand high purity sources deserve consideration.New Time Reversal Invariant Scalar, Tensorand Pseudoscalar InteractionsFor S- and T-type interactions, new measurementsof the beta-neutrino correlation a (sensitiveto S- and T-interactions) as well as of thebeta emission asymmetry A (mainly sensitive toa T-interaction) should be carried out. Thesewill at the same time yield information on theFierz interference term b (sensitive to S- and T-interactions). The beta-neutrino correlation coefficienta is measured with unpolarized nuclei.To measure the beta emission asymmetry parameterA, polarized nuclei are needed. Thiscan be achieved either with the method of lowtemperature nuclear orientation or by in-beamtechniques. For both a and A sub-percent precisionwas recently achieved.A significant gain in precision as well as improvedreliability for both correlations can beexpected from the recent development of atomand ion traps for weak interaction studies. Theuse of traps will provide very thin sources invacuum, thus avoiding the need for a materialhost and allowing to reduce significantly the effectsof scattering as well as to detect the recoilions after beta decay without the disturbingeffects of energy loss in the host material.Most trap-based set-ups will initially focus onthe beta-neutrino correlation. First β-ion coincidencemeasurements from decays using isotopestrapped in a magneto-optical trap (MOT) havebeen carried out at TRIUMF and future resultslook promising. Systems using Penning trapsand Paul traps are currently being set up as well.In order that traps can be more widely used forthe measurement of different types of correlationsin beta decay, and that also a larger varietyof polarized nuclei can be studied in traps, newand more generally applicable methods to polarizenuclei in traps or inject polarized nuclei intraps should be investigated and be developed.Further, the experience and results to be gainedin the ongoing and planned measurements withtraps will show how these set-ups can be furtheroptimized and/or improved in view of secondgeneration experiments at the planned facilitiessuch as the European EURISOL and Rare IsotopeAccelerator (RIA) in the USA.As for the beta emission asymmetry parameterA, significant progress can be expected alsofrom measurements of this correlation using thelow temperature nuclear orientation method. Asthis method allows to induce large degrees of polarizationfor a wide variety of nuclei, probe nucleifor these measurements can be selected soas to yield a maximal sensitivity. Finally, theconstruction of new production facilities suchas those planned by the EURISOL and RIAprojects will also provide new possibilities forweak interaction studies with exotic nuclei asthese will significantly extend both the numberof accessible nuclei as well as their yields. Especiallyimportant for weak interaction studiesare the nuclei near the N = Z line, i.e. withnearly equal numbers of protons and neutrons,for which nuclear structure is favourable.In neutron decay new instruments (such ase.g. the ASPECT retardation spectrometer

                                                    

                                                    8. Fundamental Interactions 155or methods that bypass the need of measuringthe proton energy) should be further developedto allow for beta-neutrino correlation measurementsat the percent or even sub-percentlevel. Indeed, it was recently shown that acombined analysis of several parameters in neutrondecay, i.e. the beta-particle and neutrinoemission asymmetries (A resp. B ), the betaneutrinocorrelation (a) and the lifetime of theneutron, provides stringent limits on S- and T-interactions. It was also stated, however, thatthe present result depends strongly on the limitedprecision of the beta-neutrino correlationcoefficient (presently 5%) and that a measurementof this parameter at the level of 1% wouldsignificantly improve these limits. Finally, alllifetime and correlation measurements in neutrondecay would benefit significantly from coldand ultracold neutron sources with higher intensitiesthan those presently available.In the purely leptonic sector additional informationon non standard charged current interactions,that is complementary to that obtainedin nuclear β-decay and neutron decay, isobtained in muon decay. It is therefore importantthat new and more precise measurementsof the Michel- and related parameters in muondecay are carried out as well.8.3 Discrete symmetries8.3.1 ParityParity nonconservation in atomsDuring the last quarter of a century atomic paritynonconservation (APNC) has proven to bea crucial tool in testing our understanding ofthe electroweak interaction. The observation ofparity nonconservation in atoms (and then inthe deep inelastic electron-deuteron scattering)led to the discovery of the weak electron-nucleoninteraction due to the neutral currents. Theseexperiments, performed few years before the discoveryof Z- and W -bosons, served as importantconfirmations of the SM. Since then, APNC hasgreatly developed and provides now stringentquantitative tests of the SM. Together with theprecision electroweak experiments at the LEPstorage ring at CERN it could be proven thatthe SM is valid over more than 10 orders ofmagnitude in momentum transfer. In addition,the remarkable precision of modern APNC experimentshas made them an important tool forstudying nuclear structure and P-odd nuclear interactions.Tests of the Standard Model in AtomicExperimentsAPNC effects arise from mixing of electronicstates with opposite parity, which results in forbiddenelectric dipole transitions between statesof the same parity. The dominant (and nuclearspin-independent)part of the PNC Hamiltoniandepends on the “weak charge” Q w , which containsthe SM coupling constants. The “weakcharge” is extracted from the experimental datacombined with accurate calculations of the electronicwave functions. The last experimentalresult for the weak nuclear charge Q w of133 Cs, combined with recent theoretical calculations,reads Q w = −72.90(28) exp (35) th , tobe compared with the SM prediction Q w =−73.09(03). Moreover, in these experiments thenuclear anapole moment has been discovered.High precision measurements of these kind togetherwith improved atomic calculations, areexpected to have significant implications for theelectroweak theory. For instance, many alternativesto the SM imply the presence of a secondneutral vector boson Z ′0 . In the 100 GeV energyrange one is sensitive to the Z ′0 throughits mixing to the Z 0 , whereas in atomic physicssensitivity is achieved without any mixing, withQ w proportional to (M Z 0/M ′ Z 0 ) 2 .At low momentum transfer, as is thecase in APNC experiments, new particlespredicted for instance in supersymmetricmodels at high mass scales or in technicolormodels generate additional electron-quarkPNC interactions. Q w can be sensitive tonew corrections, weak isospin-conserving andisospin-breaking, usually described by theparameters S and T , respectively. Precisionmeasurements in systems other than 133 Cs,should help in providing information on thesenew interactions. Ytterbium is an extremelypromising case for broadening the measure-

                                                    

                                                    156 8. Fundamental Interactionsments: it has a pair of nearly degeneratelevels of opposite parity, which leads to theenhancement of PNC effects by two ordersof magnitude as compared to cesium. It hasalso a number of stable isotopes, allowing fora systematic comparison of the deduced Q w .Barium, samarium and dysprosium are alsointeresting, since they have the last advantageas well. Very important is the possibility toapply the laser techniques known in atomicbeam experiments with atomic and ionictraps that represent novel tools to store andmanipulate atoms for precision measurements.Experiments are already under way on singleBa + ion confined in a radiofrequency trap.To pin down uncertainties on atomic physicscalculations and to make proper cross-checks,it is highly desirable to perform measurementson chains of isotopes of alkalis. Therefore,techniques to produce and trap with highintensity radioactive ions is a crucial area ofinvestigation where first successful results havebeen recently obtained, in particular trappingof radioactive alkalines (i.e., Na, K, Rb, Fr)has been already demonstrated. Important forAPNC is the possibility to test high Z atoms,like francium, since the discussed PNC effectincreases roughly as Z 3 .Nuclear Anapole Moments and APNCThe high precision of APNC experiments hasopened a new window into parity-violating nuclearforces. The nuclear-spin-dependent APNCeffect allows one to measure parity violationwithin the nucleus. These measurements arehighly complementary to the nuclear parityviolatingexperiments which are being performedat many nuclear facilities. The APNCinvestigation of P-odd nuclear forces is a firstrate,(almost) table-top nuclear physics. Asmentioned above, the cesium APNC experimentresulted in the discovery and accurate measurement(on the level of 6 standard deviations)of the nuclear anapole moment (AM), electromagneticmultipole arising due to PNC in thenucleus. This accurate measurement is supplementedby the theoretical calculations of nuclearAMs of a comparable precision. As to the pertinentatomic calculations, their accuracy in cesiumis no worse than 2–3%. Taken together,these experimental and theoretical results certainlybelong to the most reliable ones in theinvestigations of P-odd nuclear forces. A fewunsettled problems exist here. One is relatedto the APNC experiment with thallium. Itsresult is about 1.5 standard deviations belowthe theoretical prediction. Then, there is onlymarginal (at best) agreement between the measurementof the cesium AM and results of someother experimental investigations of P-odd nuclearforces performed with more common nucleartechniques. Obviously, it is highly desirableto clear up the problem of thallium AM.On the other hand, of great importance wouldbe experiments with even-odd isotopes. Theiranapole moments depend on a combination ofP-odd nuclear constants which is almost orthogonalto that entering the cesium AM (and otherodd-even nuclei). In this way the relation betweenthe result of a cesium experiment andthose of nuclear experiments will be elucidated.Especially noteworthy here are again the experimentswith ytterbium, which has a number ofstable isotopes, both even-even and even-oddones. Not only are the AM manifestations in Ybenhanced by more than two orders of magnitudeas compared to the corresponding effects in Cs.For one of the fine-structure components of theupper level in the discussed transition, the AMeffect is the only parity-violating one (not contaminatedby the PNC induced by Q w ). Then,the ratio of AMs of various even-odd Yb isotopesis extracted from the experimental data withoutany theoretical uncertainties. At last, even-evenYb isotopes (where the AM effect is absent) areuseful here for investigating the systematic errors.Besides experiments on atoms and singlycharged ions there are proposals to verify weakinteraction effects in highly charged H- like andHe-like heavy ions at RHIC and GSI. Such systemspromise relatively large effects from weakinteractions due to possible high nuclear chargesZ. Rather uncomplicated very accurate calculationsof atomic wave functions appear possible.A precision of the extracted parameters well beyondwhat has been achieved with atomic Cs,would be required to extract principal new in-

                                                    

                                                    8. Fundamental Interactions 157formation beyond the existence of anapole momentsand well established facts about weak interaction,e.g. on the momentum transfer dependenceof the weak mixing angle sin 2 Θ W .Yet unprecedented accuracy will be needed formeasurements of the energies of the involvedatomic states and level splittings. Technologicallyhighly challenging measurements of weakinteraction induced asymmetries must be performed.Parity Violation in Electron ScatteringParity violating observables in electron scatteringexperiments on nucleons (or nuclei) are associatedwith interference between electromagnetic(γ) and weak (Z 0 ) amplitudes. The PVterms depend on a product of vector and axialcouplings which manifest themselves in theelectron helicity dependent cross sections. Pioneeringexperiments in the field were performedat the Stanford Linear Accelerator (SLAC),USA, in the seventies, where powerful techniqueswere developed and where, together withAPNC, a significant test of the SM in the neutralcurrent sector could be achieved. Improvementsin the experimental methods and thehigher sensitivity available nowadays in polarizationmeasurements allow to investigate noveleffects as those coming from the strange quarkcontent of the nucleon and the anapole momentsassociated with weak currents amongquarks and new physics.uesThe right-left asymmetry A in PV scatteringexperiments, defined as the ratio of differenceand sum of cross sections for rightandleft-handed electrons, is a function of thenucleon vector form factors associated with γ(G γ E,M ) and Z0 (G Z E,M) interactions and thenucleon axial form factor (G e A), i.e. A =f(G γ E,M ,GZ E,M ,Ge A ). Using isospin symmetryone can show that the weak (magnetic and electric)form factors are linearly related to the electromagneticform factors (known at an accuracylevel of 1-2 %) and to a small contribution fromthe strange form factor G s E,M. Accurate measurementsof A in polarized electron scatteringon nucleons allow then to define different bandsin a (G s E,M ,Ge A) matrix from which absolute val-for the single quantities can be deduced.Strange quark effects in nucleons is a subjectof current interest and several theoretical modelshave been employed in order to compute G s E,M .Strange quarks modify the values of the axialweak couplings of the nucleons and the weakmagnetic moments. Several theoretical modelshave been employed in order to compute G s E,M ,for instance taking into account loop or pole effects,the first involving a creation of a Λ andK in the proton propagator and the second afluctuation of a Z 0 into a φ meson. At present,however, uncertainties are very large and newexperimental data are needed to put tighter constraintson the models.Precision experiments in the field in thelast few years have been carried on with theSAMPLE and HAPPEX set-up’s, installed atthe Bates Linear Accelerator Center and JeffersonLab., respectively. In SAMPLE one measuresbackward scattered electrons from a 200MeV polarized electron beam on hydrogen targetwith a large solid angle Cerenkov detector.In HAPPEX one measures the scatteredelectrons at very forward angles with a leadscintillatorcalorimeter. In SAMPLE, the overlap(G s E,M ,Ge A) values obtained in the scatteringon hydrogen and deuterium differ from recentcalculations, indicating possibly large anapoleeffects in the nucleon. Future experiments arein preparation to measure G s E,Mand Ge A overdifferent ranges of momentum transfer by thePVA4 experiment at the MAMI accelerator,Germany, and by the G0 experiment at the JeffersonLaboratory, USA. It should be noted thatexperiments on parity violating e − −p scatteringhas a potential to provide important informationon New Physics, for example on new neutralgauge bosons and leptoquarks.8.3.2 Time reversal and CP violationWithin the assumption of CPT conservation(see section 8.3.3) the observation of CP violation(CPV) or Time reversal violation (TRV)would be equivalent. So far CPV has only beenobserved for the mass degenerate K 0 − ¯K 0 andrecently in B 0 − ¯B 0 systems. In the neutral kaonsystem both indirect (∆S = 2, mixing) and di-

                                                    

                                                    158 8. Fundamental Interactionsrect (∆S = 1, decay) CPV has been found. Theknowledge of these systems has been crucial forthe description of quark mixing as parametrizedin the CKM matrix. One of the successes of theSM is that it can account for the observed CPVvery well.Nonetheless, the existence of other sourcesof CPV is not ruled out. One important argumentwhy such sources should be considered, isthe large matter-antimatter asymmetry in theuniverse.Within the standard theory CPV in the neutralD-meson system is predicted to be a rathersmall effect. Therefore its precision measurement,which is indicated at a future intense antiprotonmachine, offers a large window for newphysics effects.In nuclear and atomic physics CPV/TRVwithin the SM can only occur as a second orderprocess. This opens a window of opportunityto search for physics beyond the SM in nuclearand atomic physics. The current upper limits onTRV in nuclear physics are indeed many ordersof magnitude away from the SM value. A unifieddescription of all forces is likely to lead to modelswith larger TRV components than predictedby the SM. Current efforts focus on TRV effectsin β-decay and, most importantly, on searchesfor a permanent electric dipole moment (EDM)of fundamental particles. In fact, the EDM measurementsare currently the most effective wayto restrict a large class of models, although notall. Which observables and which systems havethe best discovery potential depends on the specificextension of the SM. The search for TRV,therefore, needs strong guidance from theory.Searches in nuclear physics should also be comparedwith studies involving second or third generationleptons and quarks. New accelerators tobe built for nuclear physics may create the opportunityto contribute in a significant way tothis branch of the field of CPV studies. Here wediscuss low energy studies as examples.Electric Dipole MomentsIn Table 8.3 the limits on EDM’s for variousparticles are listed. They illustrate the importantrole that nuclear and atomic physics canplay in pushing the limits on New Physics. Thereason is that the EDM, d, ⃗ is most convenientlymeasured from its precession in a strong electricfield, which favors long-lived neutral particles.The amount of precession can be observed becausethe magnetic moment, ⃗µ, and d ⃗ are coupled:they are both aligned with the spin, asonly one vector can exist in a quantum system.The precession of d ⃗ can be measured precisely,but requires that the role of magnetic precessionis eliminated or controlled. The charged particlescan be bound in a neutral system, e.g. anatom or a molecule. By selecting a system thatcan be polarized easily, i.e. which has nearlydegenerate states of opposite parity, the EDMof the particle of interest can induce a dipolemoment in the composite system which is muchlarger.The limit on the electron EDM is inferredfrom the upper limit on the EDM of 205 Tl whichhas an unpaired electron. The electronic structureof Tl has an amplifying effect such thatd Tl = −585 × d e . The effective electric fieldthat can be generated in TlF molecules be usedto estimate the limit on the proton EDM, withan amplifying factor of about 10 5 . The neutronEDM measurements are made with ultracoldneutrons (UCN) stored in a cell permeatedby uniform E− and B−fields. In the past, systematicerrors were dominated by fluctuationsin the magnetic field. The current RAL/Sussexexperiment at ILL, France, uses therefore a magnetometerbased on 199 Hg stored in the same cellas the neutrons.The numerically lowest limit on any EDMhas been obtained for 199 Hg a table top experimentat the University of Washington, USA.The electronic structure of Hg is thereby advantageous.The nuclear structure of 199 Hg makesthis system a sensitive probe of CP odd forces insidethe nucleus. Certain models predicting thebaryon asymmetry in the universe also wouldpredict an EDM in 199 Hg corresponding to thecurrent limit.To explore and search for new systems andmethods is highly desirable. With the availabilityof new production facilities for radioactive

                                                    

                                                    8. Fundamental Interactions 159Table 8.3: Current limits on permanent electric dipole moments for several particles (converted to common95% C.L.). The systems are complementary and each one carries information not obtainable from the others.The New Physics limit corresponds to the highest value which is allowed in speculative models. They serveas an indicator for how much present measurement should be improved.limit on EDMNew Physics limitparticle |d| [e cm] (95% C.L.) system [e cm]e 1.9 × 10 −27 205 Tl 10 −27µ 1.05 × 10 −19 rest frame E 10 −22τ 3.1 × 10 −16 (e + e − → τ + τ − γ) 10 −20p 6.5 × 10 −23 205 Tl-F 5 × 10 −26n 7.5 × 10 −26 ultracold neutrons 5 × 10 −26Λ 1.5 × 10 −16 rest frame E 5 × 10 −26199 Hg 2.1 × 10 −28 199 Hg 10 −28ion beams, it is possible to consider a muchwider range of isotopes and elements than previouslypossible. New opportunities can be foundin heavy unstable elements. For example, in Raisotopes an enhancement of a nuclear EDM isexpected through close lying states of oppositeparity in the atomic electron shell and they alsopossess enhancing nuclear properties such as octupoledeformation. Radium could replace Hg inits leading role for atomic EDM searches sinceRa could be a factor of 10 5 more sensitive toCP-odd forces.In searches for electron EDMs polarizablemolecules can be used, e.g. as PbO andYbF. Polarizable molecules have recently beencooled and manipulated analogous to trappedatoms. This may open a new opportunity totake better advantage of the enhancement factorsin molecules. Note that the above argumentsalso hold for parity non-conservation(PNC) measurements. A large polarizability canamplify both TRV and PNC.For the neutron EDM measurement, importantimprovements can be made on UCNsources. Ideas exist for techniques that couldproduce a 1000 fold increase in the countingrate due to a higher UCN phase space density.This might be achieved in producing UCN in superfluidliquid 4 He. A different approach is theuse of solid deuterium for a next generation ofUCN sources. The construction of such a facilityat PSI is underway. Both techniques expectto improve the sensitivity by about two ordersof magnitude to 10 −28 e cm. Further neutronedm activities are pursued at ILL, Mainz andLos Alamos.The limit on the muon EDM can be significantlyimproved by 5 orders of magnitude. Atthis level models with nonlinear inverse massscaling for EDMs can be stringently tested. Anovel technique has been proposed to exploitthe strong motional electric field which the particlesexperience when moving with relativisticvelocities in a magnetic storage ring. The magneticanomaly precession can be compensatedthrough properly tuned radial electric fields.The spin precession due to an EDM can beobserved via the time dependent spatial muondecay asymmetry. The magnetic storage ringtechnique has also been evaluated for nuclei(particularly also β-radioactive ones) in highlycharged ions. A significant number of nuclideswith a small reduced magnetic anomaly wouldbe suited for this technique. Alternatively onecould attempt to eliminate magnetic fields altogetherand confine appropriately polarized particlesin an all electrostatic trap.R and D Coefficients in β-decayObservables for TRV in particle decay or in reactions,can be constructed by combining appropriatevectors and axial vectors. Here twoaspects need to be considered carefully. Firstly,final state interactions (FSI) occur that mimicTRV. To put new limits on the actual TRV amplitude,the FSI need to be kept small and calcu-

                                                    

                                                    160 8. Fundamental Interactionslable or measureable with appropriate accuracy.Secondly, one needs to consider which extensionof the SM one can address. It appears that TRVin nuclear strong interactions can be addressedwith more sensitivity from one of the limits onthe EDM. For this reason we do not considerhere nuclear reactions, although measurementson polarized neutron transmission through polarizedtargets could still be competitive withthe EDM of the neutron. This is associated withthe large enhancement factors observed in PNCin these reactions.Important TRV observables are availablein β-decays of both leptons and hadrons (e.g.muon, neutron, nuclei and hyperons). Examplesof correlations are〈 ⃗ J〉J· ⃗p e× ⃗p νand ⃗σ e · 〈 J〉 ⃗E e E ν J× ⃗p e,E ewhere J ⃗ and ⃗σ e are the spin of the parent nucleus(lepton) and β-particle, respectively. p iand E i are the momentum and energy of particlei = e, ν. Instead of measuring the neutrino,it is necessary to measure the recoiling daughterparticle (see page 153), which until recentlywas only possible in special cases and with limitedaccuracy. Trapping radioactive nuclei hasrecently solved this problem as discussed below.The coefficients associated with the two correlationsare generally referred to as D and R, respectively.The best limit on D comes at presentfrom 19 Ne decay: D =(0.1 ± 0.6) × 10 −3 . Forneutron β-decay, D =(−0.6 ± 1.0) × 10 −3 .ForΣ − a value D =0.11 ± 0.10 exists. The T violatingpart of the phase between vector andaxial vector couplings is proportional to D. Itis0.073 ◦ ± 0.12 ◦ for neutrons.The R coefficient is sensitive to TRV throughthe tensor and scalar couplings. Information onR comes from 19 Ne decay with R Ne =0.079 ±0.053 and 8 Li decay with R Li =(0.9 ± 2.2) ×10 −3 . Taking advantage of the different nuclearstructure of these nuclei, limits on the tensorand scalar part can be made separately. In neutronβ-decay, the R coefficient has not been measured,but a new experiment at PSI is under waywith an expected accuracy of 5 x 10 −3 .The limits provided by EDM measurementsstrongly restrict the values that can be expectedfor R and D. However, the latter can be interpretedwith much fewer theoretical uncertaintiesthan the EDM, or they are complementary.For example, in models with leptoquark CPviolation,the best constraints for some of themodel parameters come from the knowledge ofthe D coefficient. Therefore, improving the currentlimits on D and R is desirable. The emiT(Time Reversal in Neutron Beta Decay) collaborationat the National Institute of Standardsand Technology, USA, and the TRINE (TimeReversal Invariance Neutron Experiment) collaborationat ILL will measure D in neutron decaywith an expected sensitivity of 1 x 10 −4 .A new approach is to measure β-decay correlationsby suspending the radioactive samplein an atom or ion trap. In such a trap the recoiland electron direction can be accurately measuredand the polarization of the sample couldbe controlled (see box on page 153). A measurementof D has been proposed at TRIUMF,Canada, using a far-off-resonance trap for 37 K.This technique has the promise to break throughthe limitations of the old methods that currentlylimit D, as well as other correlation coefficientsdiscussed below. It is foreseen that new experimentscan reach the limit where the finalstateinteractions (FSI) becomes relevant. Fortunatelythe dependence on electron momentumfor the FSI is quite different from that of the Dcoefficient, which will allow to push the limitfurther while providing a calibration of the experimentalmethod. The FSI increase with themass of the parent, and therefore are minimalin neutron decay, where the FSI for D and Rhave been estimated to be < 2 × 10 −5 m e /p e and< 10 −3 , respectively. There is considerable potentialin the range of light nuclides which canbe trapped and produced copiously at radioactivebeam facilities. Given sufficient countingstatistics improvement of two orders of magnitudein the D coefficient should be feasible inthe foreseeable future.Pursuing TRV observables in other than nucleonicsystems remains of interest for variousreasons, for example, the pure leptonic characterof the muon system and the absence ofelectromagnetic final-state interactions. Supe-

                                                    

                                                    8. Fundamental Interactions 161rior counting statistics could possibly be obtainedat the production facilities for muon neutrinos.For hyperons one may consider TRV inβ-decay and also consider CPV in comparingthe hadronic decays of the hyperon and antihyperon.A proton–antiproton collider such ascurrently proposed for GSI, Germany, could producesufficient hyperons to make advances inthis field.8.3.3 CPT invarianceThe standard model implies exact CPT andLorentz invariance. As any deviation from itwould indicate new physics, CPT conservationhas been tested to a high degree of accuracy.Mostly limits of differences in the properties(like masses, charges, magnetic moments, lifetimes)of particles and their anti-particles werecompared and normalized to the averaged values.The K 0 -K 0 mass difference had yielded thebest test at 10 −18 .Especially atomic physics experiments aswell as the muon storage ring experiments providestringent limits on a possible CPT violationwhen interpreted in terms of a theoreticalapproach, which allows to assess experimentalresults from different fields of physics. Hereadditional small terms are introduced into theLagrangian or Hamiltonian of Dirac particlesand perturbative solutions are searched for. Allpossible additions violate Lorentz invariance andsome of them break CPT. They are associatedwith the existence of a preferred frame of referenceand therefore diurnal variations in physicalobservables relating to particle spins canbe searched for. Here limits have been establishedat 10 −30 GeV for neutrons, 10 −27 GeV forelectrons and protons and 10 −24 GeV for muons.It remains as a controversial theoretical question,whether the energies associated with CPTbreaking terms should be normalized to themass of the particles in order to arrive at a dimensionlessfigure of merit for CPT violation,which in such case would be most favourable forelectrons and neutrons at about 10 −30 .The question to which level CPT as wellas Lorentz invariance hold in atomic systemsis presently being tackled with experiments atCERN/AD. The ATRAP and the ATHENAcollaborations propose a measurement of frequencydifferences of the antihydrogen comparedto the hydrogen atom. The experimentsaim at an ultimate relative uncertaintyof 10 −18 for a determination of the 1s-2s energylevel difference. A positive result wouldgive an unambiguous proof for CPT violation.Comparing the sensitivity of differentobservables ongoing experimental programsfavour clearly a measurement of the ground statehyperfine splitting. Such an experiment is discussedby the ASACUSA experiment.For precision experiments with antihydrogenstatistics can be expected to be a limiting factor,once the production of the system has beenoptimized 9 .Ap source of strength well beyondthe CERN AD will thus be indispensable for thischallenging physics.8.4 Properties of the known basic interactions8.4.1 Electromagnetism and fundamentalconstantsAccurate measurements of the electron magneticg-factor and precise spectroscopic measurementsin atomic hydrogen have played a crucial role forthe development of modern physics, in particularof QED.A precision determination of the electronmagnetic anomaly using a single particle storedin a Penning trap yielded todays most precisevalue for α. Experimentally the difference of thecyclotron and the Larmor precession frequencieswere measured, a technique known as a g-2 experiment.Highly sophisticated laser spectroscopy experimentsof the Lamb shift in atomic hydrogenare primarily sensitive to self energy terms andhave reached a relative accuracy of order 10 −6 .The limitation for the accuracy of calculationsarises from the insufficient knowledge of proton9 In fall 2002 both collaborations have reported thesuccessful production of cold antihydrogen in a combinedantiproton and positron charged particle trap.

                                                    

                                                    162 8. Fundamental Interactionsstructure parameters, e.g. the mean square protoncharge radius r p (figure 8.5). Hence, thesemeasurements may be interpreted as a determinationof the proton form factor at zero momentumtransfer 10 . Because of the higher sensitivityof muonic atoms to nuclear shapes, a Lamb-shifttype experiment in muonic hydrogen is presentlybeing set up at PSI to obtain more directly andindependently a 30 times improved value for r p .This will allow a verification of highly precisebound state QED calculations in atomic hydrogenincluding three loop contributions in vacuumpolarization .Leptons can be considered structureless todimensions down to 10 −18 m. The interpretationof measurements in the muonium atom,the bound state of a µ + and an e − , is thereforefree of difficulties arising from the structureof its constituents. Thus QED predictionswith two orders of magnitude higher accuracythan for the hydrogen atom are possible. Theground state hyperfine splitting as well as the1s − 2s energy difference have been preciselydetermined recently. These measurements canbe interpreted as QED tests or alternatively -assuming the validity of QED- as independentmeasurements of α as well as of muon properties(muon mass m µ and muon magnetic momentµ µ ). These experiments are statistics limited.Significantly improved values could be obtainedat new intense muon sources.There is a close connection between muoniumspectroscopy and the determination of themuon magnetic anomaly a µ . The precise fundamentalconstants are indispensable for the evaluationof the experimental results of a muon g-2measurement series, which is presently progressingin a magnetic storage ring at the BrookhavenNational Laboratory. A precision of 0.7 ppmhas already been reached and the final goal is0.4 ppm exploiting data recorded for muons withboth signs of charge.The muon magnetic anomaly arises fromquantum effects and is mostly due to QED.However, there is a 58 ppm strong interaction10 Similarly the magnetic proton radius limits calculationsof the hydrogen hyperfine structure some 6 ordersof magnitude below present experimental values.contribution which arises from hadronic vacuumpolarization. The influence of weak interactionsamounts to 1.3 ppm. Whereas QEDand weak effects can be calculated from firstprinciples, the hadronic contribution needs tobe evaluated through a dispersion relation andep 1S Lamb shift precision10 -5 δr p/ r p= 0.0310 -6MunichParisYaleδr p/ r p= 10 -31990 1992 1994 1996 1998 2000 2002 2004year10 -7Figure 8.5: The expected development of accuracyin the determination of the ground state Lamb shiftin hydrogen is confronted with the limit imposed bythe present and the expected knowledge of the protonradius.experimental input from e + -e − annihilation orhadronic τ-decays. Calculations of the hadronicpart in a µ depend on the choice of presentlyavailable experimental hadronic data. The resultsfor a µ differ by 3.0 respectively 1.6 standarddeviations from the averaged experimentalvalue. Intense theoretical and experimental effortsare needed to solve the hadronic correctionpuzzle, which also strongly relates to the runningof the fine structure constant α s .If a µ is included in the fitting procedures forextracting the electroweak parameters from allrelevant experiments in a consistent way, themost likely value for the Higgs mass is shiftedsignificantly below the established lower experimentalbounds. This indicates either a mistakein one of the input experiments or thepresent SM is insufficient to describe all experimentsto date coherently. For the muon magneticanomaly improvements both in theory andexperiment are required, before a definite conclusioncan be drawn whether a hint of physicsbeyond standard theory has been seen. Thequestion whether the hadronic effects can

                                                    

                                                    8. Fundamental Interactions 163The Role of Quantum Electrodynamics among Fundamental InteractionsIn the framework of the SM the electromagnetic interaction of electrically charged particles viaa quantized electromagnetic field has a U(1) symmetry. Quantum Electrodynamics (QED) wasthe first available and it is the best confirmed quantum field theory in physics. Important conceptslike renormalization were created along with the development of this framework. Ratherdifferent conceptual approaches must be applied for describing properties of free particles andscattering processes and for bound states.The radiative corrections to the results obtained, e.g., from the Dirac equation include the emissionand reabsorption of virtual field quanta (photons) and loops consisting of vertex correctionsand vacuum polarization. The latter is the creation and annihilation of virtual particles. Retardation,recoil effects and in many electron systems the photon exchange between electronsneed to be accounted for as well. Typical precision calculations include such processes andcombinations thereof up to high orders. Feynman diagrams are graphical representations ofmathematical prescriptions to account for such processes.Due to the smallness of the fine structure constant α, which together with the electric charge ofparticles determines the strengths of interactions, perturbative treatment can lead to astoundingaccuracy. The deviation of a fermion magnetic g-factor from the value 2 in Dirac theory is knownas the particles magnetic anomaly a =(g − 2)/2, for which QED contributions to 4th orderin α have been calculated completely. For atomic hydrogen the differences in level energiesfrom Dirac theory values which are caused by QED effects are known as Lamb shifts. Herecalculations are available up to 7th order in α. Such precision, which is possible in light systems,can be exploited to extract from accurate measurements the values of important fundamentalconstants such as α, the Rydberg constant, fundamental lepton masses, g-factors, magneticmoments and many more. The internal consistency of the theory and the basic underlyingassumptions could also be verified in precision experiments. Among the most important of suchtests are the existence of one single electric charge unit for all electromagnetically interactingsystems and the good agreement between various values of α extracted from principally differentexperiments.The accuracy in QED allows to observe also the influence of other but electromagnetic interactionsin precision experiments such as measurements of level energies and magnetic anomalies.Even for purely leptonic systems the strong interaction plays an important role due to hadronsappearing in vacuum polarization loops. In bound states containing hadrons, i.e mesons, nucleonsor larger atomic nuclei the inner structure and the dynamics of charge carrying constituentsneed to be taken into account. This often limits the precision reached in calculations.The description of bound systems with nuclei with high charge numbers Z has by far notreached similar levels of accuracy. Even second order effects in α are still subject of presenttheoretical efforts. Further, the calculation of wave functions in many electron atoms and ionsto better than percent accuracy presents a challenging problem; such precision is essential, e.g.,for measurements of weak effects in atoms (see section 8.3.1).For bound systems where Zα approaches (or even exceeds) unity we have a field theory withstrong coupling with similarities to some problems encountered in QCD. This is an active fieldof research and non-perturbative methods such as lattice calculations may lead to satisfactoryresults. Of interest are possible yet unobserved phenomena in this strong coupling regionassociated with binding energies exceeding the mass of an electron-positron pair.

                                                    

                                                    164 8. Fundamental Interactionsbe understood well enough needs to be definitivelyanswered before a new experiment shouldbe considered. This could be performed with atleast one order of magnitude improved precisionusing state of the art technology.Exotic atoms are also well suited to test thevacuum polarization part of QED. The presentprecision of 9×10 −4 can be improved by at leastone order of magnitude with dedicated experimentsusing state of the art crystal spectrometers.Especially pionic atoms can be producedwith high stop densities also in gaseous targetsof lower Z. Light atoms are completely ionizedduring the initial steps of de-excitation and anydisturbing influence of the electron shell is removed.There is a high potential for developmentfor pion and muon experiments with theadvent of stronger sources of slow pions andmuons.Hydrogen-like or few-electron systems withhigh nuclear charges Z permit to extend verificationsof QED to investigations of higherorderQED contributions such as two photonexchange. Presently available ECR as wellas EBIT technology will be used for detailedstudies of QED effects in such systems at differentinstitutions. In particular ion storagerings provide favorable conditions, where intensecooled beams of high-Z ions up to bare uraniumare available. Very high precision has beenreached in such experiments at GSI. Trapping ofhighly charged ions is being prepared. Beyondhydrogen-like systems, helium- and lithium-likeheavy ions open a new window to explore theinterplay of radiative corrections and relativisticelectron correlation effects in strongly boundsystems. They provide a testing ground for relativisticmany-particle theories.The magnetic g-factor of bound electrons inhighly charged ions provides a further importanttest of bound-state QED in the strong couplingregime. In a high-precision Penning trapthe g-factor of electrons bound in hydrogen-likeions can be determined through measurementsof the cyclotron and the in this case three ordersof magnitude higherLarmor frequency. Recentmeasurements yielded the g-factor of theelectron bound in 12 C 5+ with an accuracy of5 × 10 −10 in excellent agreement with a calculatedvalue. The high experimental precision hasallowed to extract from this the most preciseelectron charge to mass ratio. This experimentranks among the most stringent tests of boundstateQED. Such experiments could be extendedup to hydrogen-like uranium. Since the boundstate electron magnetic anomalies exhibit sensitivityto nuclear properties particularly in heavysystems, new approaches to gain informationabout nuclei, such as polarizabilities, might openup.Does α vary with time?The idea that the fundamental constants, in particularα, may depend on time is about 65 yearsold and goes back to Dirac. Recent investigationof the fine structure doublets in quasar spectraindicate that α varies with time: ˙α/α ≃10 −15 year −1 . This conclusion disagrees withan upper limit derived from other arguments,and is criticized methodologically. Nonetheless,the problem certainly deserves serious experimentalstudies. The most direct check of ˙α/αcould be performed with atomic clocks. Otherapproaches might directly measure the ratio of(hyper-)fine and gross structure frequencies incold atomic beams, trapped atoms or ions. Forsuch experiments absolut frequency measurementsmust be improved by about two ordersof magnitude compared to present possibilities.An other check is to compare the laboratoryvalue of the 187 Re lifetime τ 1/2 (lab) with thatinferred from the Re/Os ratio in ancient meteorites.This requires an improvement in accuracyof τ 1/2 (lab) = 42.3(0.7) Gyr (68% C.L.).8.4.2 Quantum chromodynamicsIt is known that QCD (see Chapter 4) describesstrong interaction processes well at high energies.At low energies a perturbative schemeis based on the concept of chiral perturbationtheory (CHPT), which was extended to includebaryons in the Heavy Baryon Chiral PerturbationTheory (HBChPT).This approach works especially well at energieswell below 1 GeV thus making exoticatoms especially suitable as a playground to test

                                                    

                                                    8. Fundamental Interactions 165theoretical predictions. The most fundamentalexperiment in this respect is DIRAC (DImesonRelativistic Atom Complex) experiment atCERN, which aims at a measurement of theground state width Γ 1s of the electromagneticbound system π + π − . Γ 1s is proportional to|a 0 − a 2 | 2 with a 0 and a 2 being the isoscalar andisotensor scattering lengths. The envisaged determinationof |a 0 − a 2 | on the level of 5% meetsthe accuracy of the theoretical prediction. Theexperiment should be extended in future to aground state shift measurement as well in orderto disentangle the two different isospin contributions.Further developments should includea measurement of the πK system thus extendingthe study of chiral symmetry breaking toSU(3) L × SU(3) R symmetry breaking.Whereas the DIRAC experiment deliverspresently first data, the experiments at PSIdealing with the pionic hydrogen system havereached a high level of maturity. The isospinseparated scattering lengths a + and a − can beobtained by measuring the ground state shift∝ a + +a − and width ∝|a − | 2 separately (see figure8.6). These experiments can be consideredas a test of a special chiral low energy theorem,in this case of the Weinberg-Tomozawa theorem.With a planned accuracy of about 10 −2 for bothshift and width, HBChPT can be tested to 4-thorder perturbation expansion. The width yieldsa high precision determination of the πNN couplingconstant. This allows then a refined checkof the Goldberger Treiman relation and representsa further measurement of a low energy sumrule. A precise width measurement is very demandingas it requires a much better knowledgeof accelerating effects in the pionic hydrogen systemthan presently available.The investigation of the kaonic hydrogenatom has been pioneered at KEK in Japan and ispresently being conducted at the DAΦNE storagering in Italy. The 1% accuracy envisagedwill permit a sensitive determination of the KNsigma term, which is a direct measure of thestrangeness content of the proton.counts20015010050QED value2878.808 eVcalibrationπ O [6h5g]2880.506 eVstrong interactionshiftπ H [3p1s]2885.91 eV0300 350 400 450 500channel nr.Figure 8.6: The pionic hydrogen 3-1 transition isshown together with the pionic oxygen 6-5 complexused for calibration.8.4.3 GravityThe universality of free fall i.e. the independenceof gravitational interaction from thefalling object’s composition (the weak equivalenceprinciple WEP) was tested for ordinarymatter to a precision of one part in 10 12by Eötvös/Dicke experiments. The questionwhether antiparticles couple in the same wayto gravity was never experimentally tested before(and experiments with elementary particlesare scarce as well). An early attempt usingcharged antiprotons at the CERN Lear facilitylead to the conclusion that systematics associatedwith the electromagnetic force completelyobscure any gravitational effects and only neutralsystems can provide sufficient accuracy.Experiments in this direction are extremelydifficult and would require long lived neutralparticles. Antihydrogen would be a well suitedcandidate and the production of a sizeable numberof very slow antihydrogen atoms would bethe very first step into the direction of experimentstesting the WEP also for antimatter.Most recent considerations concentrateon interferometric experiments in the spiritof the Colella-Overhauser-Werner experimentsperformedwith neutrons. The ideal properties of the antihydrogenatom triggered an intense experimentaleffort at CERN/AD to combine positronsand antiprotons in traps. The experiments areextremely challenging and will require high flux

                                                    

                                                    166 8. Fundamental Interactionsp sources.The inverse square law of gravity appears tobe valid from cosmical scales down to the 0.2mm range. Superstring theories appear to beattractive candidates for a unified field theoryof all fundamental interactions in compliancewith quantum theory and relativity. Superstringor Membrane Theories may include Supersymmetry/Supergravityand the present StandardModel as low energy limits. The extra dimensionsnecessary to construct this framework areconsidered as rolled up and could give rise todeviations from Newton’s gravitational law atsmall distances. Some models predict extra dimensionradii in the nanometer range or evenat subnuclear size. Besides precise measurementsof Einstein’s cosmological constant thesearch for extra dimensions is presently viewedas the most promising route to find hints toSuperstring Theory where extra dimensions area generic feature. Among others, experimentshave been proposed to look, e.g. for gravitonemission in high energy p-p collisions. It can beexpected that this research field will experiencea strong development. Nuclear physics will playa major role to investigate the femtometer scaleor below.8.5 RecommendationsWe recommend that priority in support be givento resolve the central and intriguing questions infundamental physics. The recommendations arebased upon the available expertise and facilitiesin Europe. <strong>NuPECC</strong>’s focus should be concentratedto provide state of the art possibilities toachieve the goals in the field. Both, the availabilityof skilled researchers in experiment andtheory and the accessibility of adequate infrastructureare indispensable for investigating efficientlyand successfully the central issues:• The nature of the neutrinos. Withthe recent observations of neutrino flavourchanges it will be important now to proveoscillations unambiguously by flavour appearanceand by length/ energy dependence.Further determinations of parametersin neutrino oscillations are needed.Precise measurements of absolute neutrinomasses are strongly recommended.The nature of neutrinos as Dirac orMajorana particles has to be addressedthrough neutrinoless double β-decay, wherea worldwide concentration on the mostpromising approaches would be indicated.• Time reversal and CP violation. A continuationof precise measurements of CP violationin the K 0 and B 0 system will revealdetails of the effect and will lead towards abetter understanding of its origin. Throughthe smallness of Standard Model CP violationin the D 0 system it offers strong possibilitiesto search for new physics. Searchesfor permanent electric dipole moments indifferent fundamental systems like electron,muon, neutron, nuclei and atoms are complementaryand have a very high potential todiscover new sources of CP violation whichare needed in explanations of baryo- andlepto-genesis. Additional information canbe obtained from searches for T-odd correlationsin β-decay.• Rare and forbidden decays. Baryonnumber, lepton number and lepton flavourviolating processes such as n → n, neutrinolessdouble β-decay, µ → e + γ, µ + N →e + N, µ → e + e − e + and (µ + e − ) → (µ − e + ),are excellently suited to constrain parametersin speculative models and to probe theirvalidity, e.g. supersymmetry. Rare mesondecays can yield important SM parameters.• Correlations in β-decay. Precision measurementsof momentum and spin correlationsin nuclear, neutron and muon β-decaysrender the possibility to reveal non V-A contributionsto weak processes.• The unitarity of the CKM matrix. Thepresently not well satisfied unitarity conditionfor the CKM matrix presents a puzzle inwhich the correctness of experiments as wellas the theoretical assumptions are at stake.• Parity non-conservation in atoms andions. Parity non-conservation in atoms canbe studied more thoroughly in radioactivespecies of, e.g., Cs, Fr and Ra, where a

                                                    

                                                    8. Fundamental Interactions 167particular potential to discover New Physicsexists, e.g. leptoquarks. Improvements inatomic physics calculations of many electronatoms will be crucial. Measurements usinghighly charged ions are expected to be lesshindered by atomic structure calculations.• CPT conservation. Precision experimentsin a variety of fields in physics will lead toimproved limits on or discoveries of the violationof Lorentz and CPT invariance.• Precision studies within the StandardModel. Exotic atom spectroscopy providesimportant input for the further developmentof low energy QCD. QED bound systems candeliver most precise values of fundamentalconstants. Weak interaction in electron nucleusscattering provides precise informationon nucleon structure and can deliver neutrondistributions in nuclei and new physics.Weak interaction experiments in atoms arewell suited to probe anapole moments andnuclear structure effects.• Gravity and time variation of constants.Deviations of the gravitational forcefrom the Newtonian law are predicted in theorieswith extra dimensions. Effects could beexpected at sub-millimeter, even at atomicand nuclear length scales. A time variationof the strength of the electromagneticinteraction might have been seen in astronomicalobservations. Precision experimentscould here make significant and decisive contributionstowards novel approaches for anall encompassing description of space timeas attempted in string theory.In order to achieve the outlined challengingphysics goals the European nuclear physics communityneeds an appropriate environment consistingof adequate academic positions for youngresearchers and state of the art facilities. Thesecomprise centrally:• Theoretical support; positions at universities.The constantly improving technologyallows for an ever increasing numberof possibilities for experiments. In orderto exploit these successfully and in orderto concentrate on the important issueswell founded theoretical guidance is indispensable.This requires a sufficient numberof skilled theorists located at universities. Atthe same time it must be assured that a sufficientplurality of experimental positions ismaintained.• High power proton driver; target research.A large number of possible experimentswould benefit from the availabilityof an intense proton driver in Europe withseveral MW beam energy. In this connectionthe power compatibility of targets isextremely important and corresponding researchand development should be carriedout with highest priority. Such a proton machinecould serve as a core for a neutrino factory,an antiproton facility, a muon factory,a neutron spallation source and an advancedISOL facility. Most of the covered researchtopics in this chapter will benefit from sucha machine.• Cold and Ultracold Neutrons. New andimproved neutron sources with high fluxes ofcold and high densities of ultracold neutronswill boost fundamental neutron physics.• Low energy radioactive beams. Theavailability of radioactive beams at low energiesis a prerequisite for precision studies ofweak interactions in nuclei and atoms. Morededicated facilities with sufficient beam timefor systematic studies in precision experimentsare needed.• Improved trapping facilities. The advancesin modern charged particle and neutralatom trapping need to be transferredto radioactive beam facilities. In particularthe ongoing efforts for efficient slowingdown and trapping of systems of interestshould be coordinated worldwide to obtainoptimal and most precise results on low energyelectroweak phenomena and accuratevalues of important parameters like massesand g-factors.• Underground facilities. The continuationof the availabilities of underground laboratoriesis a prerequisite for investigations of

                                                    

                                                    168 8. Fundamental Interactionsthe solar neutrinos and the search for neutrinolessdouble beta decay. The developmentof low background techniques is a standardmethod of this kind of experiments as wellas of other very rare event searches.Provided these points will be met, a productivefuture for fundamental interaction researchat nuclear physics facilities with a richness ofnew fundamental results can be expected in thecoming 15 years. In particular, the foundationsof physical processes can be expected to be significantlydeepened.

                                                    

                                                    9. Applications of Nuclear Science 1699. Applications of Nuclear ScienceThis chapter was written by D. Guerreau (<strong>NuPECC</strong>), T.Calligaro (France),C. Cohen (France), H.J. Körner (Germany) 1 , G. Kraft (Germany),P. Mandò (Italy), G. Raisbeck (France), J.P.Schapira (France)Basic research in nuclear and particle physicsrequires the development of new experimentaltechniques suited to investigate atomic nucleiand sub-nuclear particles, and to measure theirproperties. These techniques are being used extensivelyfor studies in neighbouring areas ofthe natural sciences and in medical applications.Such applications have been described in a recent<strong>NuPECC</strong> report published in 2002 (NuclearScience in Europe: Impact, Applications, Interactions;hereafter referred to as 2002 Report.See http://www.nupecc.org/pub). This reportreviewed the recent progress made in the fieldsof Energy, Life Sciences, and Atomic and CondensedMatter Physics. Applications of nuclearscience are so numerous that an exhaustive reviewcannot be given here. The sphere of competenceinvolved by the applications of nuclearphysics is extremely wide as it includes disciplinesfar apart from each other. They spanfrom life sciences and medicine to humanisticdisciplines like art-history, history itself and archaeology(Box 1), to environmental sciences(Box 2), to other disciplines and technologicalor industrial fields like energy. It also includesthe field of civil security and humanitarianproblems like contraband detection, antiterrorismand de-mining. Most of these applicationsrequire the identification of detailed materialstructure, very often at a very high levelof sensitivity. The two most relevant methodsare AMS (accelerator mass spectrometry) andIBA (ion-beam analysis, which includes differenttechniques such as PIXE, RBS, NRA...).The key-role played by the Nuclear Physicsbased facilities in Europe has to be mentionedhere. The large variety of available particles and1 † (7. September 2003)ions ranging in energy from eV to GeV and thepowerful equipment at the disposal of scientistsfrom different disciplines strongly benefit applications.A Handbook on Interdisciplinary Useof European Nuclear Physics Facilities will besoon published. It will describe the equipmentfor interdisciplinary and industrial applicationsavailable at 24 Nuclear Physics Laboratories allover Europe.In the following, the reader will find a summaryof the 2002 Report. The convenors of thethree working groups on Energy, Life Sciencesand Atomic and Condensed Matter Physics havebeen asked to present the results that emergedfrom their respective areas (all relevant referencesand the sources of the figures are given inthe 2002 Report).9.1 Life sciencesAt the grand old European universities science,especially physics, emerged from the medicalfaculties, because medical science was necessaryand stimulated the research on the underlyingprocesses in physics, chemistry and biology. Today,physic research has a value of its own, butscientific progress is the basis of the high livingstandard in the developed countries includinga better medical care. In addition to thismore general connection, there still exists a closeinteraction on a deeper level between life sciences,medicine and physics. This is especiallytrue for nuclear physics and life sciences wheremany techniques and results of nuclear researchhave been adopted to their applications in biologyand medicine. It is also true on the level ofthe exchange of ideas and may be more importanton the exchange of people. Famous physicistshave changed to biology or medicine like

                                                    

                                                    170 9. Applications of Nuclear ScienceMax Delbrück or have contributed to the thinkingin life science like Erwin Schrödinger in hisfamous book: “What is life?”. There he appliedthe thinking of quantum mechanics to biologyand formulated for the first time the quantity ofa biological gene as a chemical entity of a biomolecule.His estimations were based on observationsin radiation biology where cellular functionswere inactivated by the exposure to beamsof X-rays and particles and he found the averagesize of a gene within reasonable errors. It wasthe influence of Schrödinger’s book that playedan important role on the final evaluation of themolecular structure of the DNA by Watson andCrick.In the opposite direction, i. e. from theapplications to basic research, the interest generatedby the discovery of the X-rays by W.C.Röntgen can be noted. The primary publicationon this new type of radiation in proceedingsof the Würzburg medical-physical society wouldnot have attracted so much attention withoutthe parallel publication of the first X-ray imageof the hand of Röntgen’s wife. ImmediatelyX-rays were used as a diagnostic tool all overthe world and stimulated the physics researchto understand the physical nature of the medicallyhelpful X-rays.The discovery of natural and artificial radioactivityby Becquerel and the Curies was notparalleled by the application of isotopes in lifescience in the same way as for the Röntgen innovation,because the production of the radioactivitywas initially too expensive to become a commontool. These applications spread later whenthe production of isotopes became available atthe first nuclear accelerators, the cyclotrons atBerkeley and later on at nuclear reactors. Thereal breakthrough for these techniques came afterWorld War II, when the explosion of theatomic bombs in Hiroshima and Nagasaki andtheir consequences motivated the search for andthe use of nuclear applications for peace on alarge scale. Today, nuclear diagnostic tools areestablished in medicine and a new discipline hasdeveloped, the nuclear medicine. In therapy ofcancer patients, the high-energy particle acceleratorsoriginally developed for nuclear researchbecame an important tool for the cure of deepseated and inoperable tumours. For these twomedical applications two different properties ofparticles are used: The high efficiency in detectingthe decay of radioactive isotopes was importantfor the diagnosis whereas for the therapy itwas the enhanced biological effect caused by thelarge energy deposition in the tracks of singleions.In nuclear medicine the radioactive isotopesof iodine or fluorine are frequently used to labelbiologically active compounds that can befollowed in their path through the human body.Meanwhile for each organ a specific drug hasbeen synthesised that allows to measure its functionslike secretion, blood flow etc.. The detectionmethods to produce an image of theisotope-distribution inside the body are a oneto-onetranslation from nuclear techniques. Inthe case of SinglePhoton Emission ComputerTomography (SPECT), collimators with one ormany holes coupled to position-sensitive detectorsproduce an image with a resolution sufficientto acquire the medical information. Drugslabelled with positron emitters do not need collimatorsbut use the coincidence condition of thetwo back-to-back simultaneously emitted photonsto reconstruct an image from the signalsmeasured in a ring detector around the patient.This Positron Emission Tomography (PET) isvery efficient and can be used to detect smalltumors because of its good sensitivity. But PETbecame also a tool to study brain functions ofhealthy test persons. Using fluorine labeled desoxyglucose (FDG) it is possible to differentiatebetween active and inactive brain areas andto see in real time the brain working. Thesestudies have been very useful in brain researchbut meanwhile the Nuclear Magnetic Resonance(NMR) imaging has reached a sensitivity thatallows the same studies without radioactivity.In NMR the hyperfine splitting of hydrogen ina strong magnetic field is measured in the absorptionof the corresponding radio-frequency.The hydrogen distribution and the chemical environmentaround the hydrogen atoms can bemonitored from the absorption pattern and thedecay of the signal in time, respectively. NMR isanother technique that emerged from nuclear researchand will be the future technique for imag-

                                                    

                                                    9. Applications of Nuclear Science 171ing and function testing of organs.In the therapy of deep-seated tumours, 60 Coproduced in nuclear reactor was first used to replacethe low-energy photons from X-ray machines,because the Co gamma rays had a muchbetter depth-dose distribution, that allowed tospare the skin to a large extent. Later higherenergybremsstrahlungs photons from electronlinacs replaced the cobalt units.Today, charged particles like protons orheavier ions, e.g. carbon ions, represent the ultimatetool for tumour therapy of deep-seatedand inoperable tumours (Figure 9.1).Figure 9.1: Comparison of photon(left) and carbonion treatment plan of a base of the skull. The higherprecision and the better sparing of the ion treatmentare clearly visible.Ion beams have an inverse depth-dose pro<strong>file</strong>with an increase of the dose with increasingpenetration depth up to a maximum at the endof the particle range. This guarantees a muchhigher dose in the target volume than conventionallypossible and a greater precision of thedose delivery. In addition, carbon ions have avery favourable radiobiological behaviour. Inthe entrance channel at low dose mostly repairabledamage is produced in the healthy tissue.But at the end of the range, in the highdosearea the amount of irreparable damage increasescausing a greater effectiveness in killingthe tumour cells. Clinical trials using carbonbeams at Chiba, Japan and Darmstadt, Germanyconfirmed this radiobiological promise andresulted in clinical cure rates beyond any othertherapy. Consequently, an increasing numberof dedicated carbon-therapy medical centres arepresently planned and in preparation in Europeand Japan. These centres are, with approximatecost of 100 MEuro, the largest single investmentsin medicine but the very positive clinicalresults seem to justify these large investments.In biology, the use of radioactive tracers waspioneered by G. de Hevesy, first with natural radioactiveisotopes later on with short-lived artificialisotopes. The tracer technique is the sameas in the later developed nuclear medicine: abiological active molecule is labeled with a radioactivemarker and followed by the detectionof the radioactive decay. In this way many importantbiological pathways have been studiedlike the photosynthesis in plants. But also smallamounts of important molecules like DNA canbe detected after their separation by gel electrophoresisor other methods. DNA sequencingand protein analysis were not possible withoutthe application of radioactive isotopes. The listof these very important and successful applicationsof nuclear techniques and products in biologycan be complemented by many other exampleslike the radio-carbon method for datingof old, sometimes prehistoric material, acceleratormass spectroscopy and other applications inmaterial research and industry.In spite of these many positive aspects, nuclearscience and research have to tolerate thedeep public distrust because of the direct nucleareffects on people resulting from the Hiroshimaand Nagasaki bombs or the Chernobyl and otheraccidents. In case of the atomic bombs it wasthe first direct confrontation of people with a nuclearinteraction that is many orders of magnitudestronger than gravitation and electromagneticpower our normally experienced forces.The direct impact of an atomic bomb in formof heat and pressure created damage many ordersof magnitude larger than the conventionalbut still terrible weapons. Immediately after theatomic bombing many people died from the radiationsyndrome within the following 30 days.15-20 years after the bombing, an increase ofcancer incidence was observed of a few hundredadditional cancer patients among the hundredthousand bomb survivors. These tragic eventswith their unexpected consequences were theturning point for an intensified radiobiological

                                                    

                                                    172 9. Applications of Nuclear Scienceresearch, first in form of more epidemiologicalstudies. Later on, when DNA structure wasanalysed and the culture mammalian cells wereestablished the radiobiological research was ableto study the mechanism of the biological actionon ionising radiation like X-rays or high-energynuclear particles.Figure 9.2: Image of a cell nucleus hit by eight heavyparticles. The DNA is stained by a red-fluorescentdye. The yellow spots indicate particle traversalswhere a protein p21 accumulates that is involved inthe recognition and repair of DNA damage.From these studies the immediate consequencesof a total body irradiation could be explainedas the fast response of the most criticalstem cell as well as the long-term effects of carcinogenesisand genetic mutation as very rareevents. Accelerator experiments at nuclear researchmachines enlarged this knowledge to particleradiation and made the very efficient tumourtherapy possible. In addition, first guidelinesfor the exposure of astronauts to the particlesfrom cosmic radiation could be established.This radiobiological research is not at an end.The deeper understanding of molecular biologycombined with the now achieved micrometerprecision of particle beams from nuclear researchaccelerators starts a new period of radiobiologicalresearch. The vision of nano-beam technologyapplied to microbiology promises again newinsights in life sciences covering many open questions(Figure 9.2).9.2 EnergyToday, energy production throughout the worldis facing a number of issues related to the expectedincrease in energy needs during this century,especially in the developing countries. Twoimportant questions, i.e. resources preservationand environmental impacts (especially those relatedto climate change), can largely be answeredby a significant use of nuclear fission asa source of energy. Moreover, beside its traditionalapplication to electricity generation, nuclearenergy might also play in the future animportant role in the production of heat at hightemperature (above 800 ˚C) for various industrialapplications. In relation to these issues,one can identify at least two lines of researchpursued by the Nuclear Science and Technologycommunity. The first one deals with the reductionby transmutation of the long-term impactof the nuclear wastes produced in the presentlight-water reactors (LWRs) based on enricheduranium or mixed oxide plutonium/uranium fuels.The second one concerns the study ofcomplete new types of reactors, belonging tothe so-called Generation 41. Among these theuse of a molten salt reactor based on thoriumcould be an answer to the aim of strongly reducingthe long-term radiotoxicity of the highlyactive wastes while at the same time valorisingthe natural thorium resources by convertingthe present large amounts of plutonium intouranium-233. It also includes high-temperaturegas-cooled reactors, which could lead to veryinnovative applications such as hydrogen productionor water desalination. All these considerationsconcern nuclear-fission energy. Onthe other hand, nuclear fusion is presently ata research stage with the ITER project basedon magnetic-confinement fusion (MCF). Thereis also some basic research carried out on analternative technique using heavy-ions inertialconfinementfusion (ICF) with much less funding.The contributions of the nuclear physicscommunity in the field of transmutation, as wellas activities concerning ICF have been describedin two previous <strong>NuPECC</strong> reports (1994, 2002)dedicated to the Impact and Applications of Nu-

                                                    

                                                    9. Applications of Nuclear Science 173clear Science in the field of Energy. Concerningtransmutation, the activities will very likelycontinue to focus on the so-called acceleratordrivensystems (ADS), which seem to be bestsuited for the transmutation of some long-livedand highly radiotoxic radionuclides present insidespent nuclear fuels unloaded from reactors(see the schematic view in Figure 9.3).Historically, in the beginning of the 90s whennuclear waste became a burning issue, nuclearphysicists like C.D. Bowman in Los Alamos andC. Rubbia at CERN revived some ideas developedin various American and Canadian laboratoriessince 1952 to use high intensity acceleratorsin the nuclear energy field, especially fortransmutation. These activities have led to theproposal of using a sub-critical reactor to burnlarge quantities of actinides presently producedin commercial LWRs. The neutrons needed todrive such a burner are produced inside a socalledneutron spallation target bombarded bya proton beam from a high power accelerator(typically 1 to a few 10 MW). Because the nuclearand high-energy physics communities arevery familiar with these two components (acceleratorand spallation target) as well as withthe related Monte-Carlo computing techniques,they bring in a major and specific contributionto the studies of such an ADS as well as on relatednuclear-data acquisition. 1Worldwide, most of the studies related totransmutation deal almost exclusively with ADSand with the development of advanced fuels andfuel processing methods related to ADS (e.g. inertmatrix, pyrochemistry). Recently, increasedefforts in the nuclear energy sector are observedin the US, in Japan (OMEGA project, especiallythe joint KEK-JAERI accelerator project) andin the European Community as it will be discussednow in more detail.There is an increasing support from the1 Nuclear reactors are usually categorized in 4 generations.The first two include early and present reactors(LWR belong to Generation 2). Advanced reactors derivedfrom the present one belong to Generation 3 (theonly one in operation is in Japan), whereas complete newconcepts (six have recently been selected by an internationalforum set up at the initiative of the US Departmentof Energy) belong to Generation 4.Figure 9.3: Schematic view of an accelerator-drivensystem (ADS) showing the beam pipes starting fromthe left (red pipe) and ending at the spallation target(yellow region). The fissile material is indicated bythe red rods surrounding the spallation target.European Union for transmutation and ADSthrough the Nuclear Fission Action of the EU-RATOM programmes. Although modest, thefunding allocated to partitioning and transmutationhas been steadily increasing within thesuccessive Framework Programmes (FP). It represents24 MEuroon a total of 142 MEurofor NuclearFission in the present 5 th FP, and mayrange between 30-35 MEurofor the next 6 thFP under finalisation (2004-2008). It is worthwhileto point out the collaboration between researchinstitutions and industrial partners suchas Framatome or Ansaldo, making use of thevaluable synergies in some of the 5 th FP programmesdealing with the ADS subsystems andnuclear data (see the list in Table 9.1). Theseprogrammes, conducted within a laboratoriesnetwork called ADOPT (Advanced Options forPartitioning and Transmutation), are in supportof the Preliminary Design Studies for an ExperimentalADS (PDS-XADS). By Spring 2004,ADOPT might become the transmutation integratedproject of the 6 th FP. The main goal ofthese activities is to establish the feasibility andthe technical options for a 100 MW(th) Europeandemonstration facility (XADS or ExperimentalADS) by 2008, at the end of the 6 thFP, in accordance with the recommendation ofthe April 2001 report issued by the European

                                                    

                                                    174 9. Applications of Nuclear ScienceTable 9.1: Transmutation part (24 MEuro) of the (P&T) programme (28 MEuro) of the 5 th EU FWP.Acronym Research area Coordinator Number ofpartnersLength(month)EUfunding(MEuro)Basic studiesMUSEExperiments for Sub-critical CEA (France) 13 36 2.0Neutronics ValidationHINDASHigh and Intermediate EnergyUCL (Bel-16 36 2.1Nuclear Data for ADS gium)n-TOF-ND-ADS ADS Nuclear Data CERN 18 36 2.4Technological SupportSPIREEffects of Neutron and ProtonCEA (France) 10 48 2.3Irradiation in SteelsTECLA Materials and ThermohydraulicsENEA (Italy) 16 36 2.5for Lead AlloysMEGAPIE Megawatt Pilot Experiment FZK (Germany)16 36 2.43FuelsCONFIRM Uranium Free Nitride Fuel KTH (Sweden)7 48 1.0Irradiation and ModelingTHORIUM CY- Development of Thorium NRG (NL) 7 48 1.2CLECycle for PWR and ADSFUTURE Fuel for Transmutation of CEA (France) 10 36 1.7Transuranic ElementsTransversal projectsADOPTThematic Network on AdvancedOptions for P&TSCK.CEN(Belgium)16 36 0.4PDS-XADSPreliminary Design Studiesof an Experimental ADSFramatome(France)26 36 6.0Technical Working Group set up under thechairmanship of C. Rubbia. The Belgian projectMYRRHA might be the starting point of sucha demonstrator.Beside this European effort, one must mentionthe ENEA programme around the TRADEexperiment proposed by C. Rubbia. It consistsin the coupling of a proton cyclotron beam(around 100 kW) to a spallation target installedin the central region of the TRIGA reactorof Casaccia (Italy) scrammed to sub-criticality.The aim of this facility is to test the ADS concept,especially the core physics, at a significantpower level, intermediate between the MUSE experimentat MASURCA and the full demonstratordiscussed above. The full-power operation isscheduled between mid-2007 and 2009.The two other lines of research are related tocomplete new reactor concepts which have beenincluded in the 6 th FP under two headings: innovativeconcepts belonging to the nuclear technologydomain (50 MEuro) and concepts producingless wastes belonging to the nuclear waste domain(90 MEuro). Within these two domains,a very modest effort costing between 10 and 20MEuro is foreseen. At this stage of scientificfeasibility, only basic studies can be envisagedwithin the nuclear physics community. This isthe case, for example, for the use of thoriumin an epithermal-neutron molten-salt reactor,which is studied at Grenoble. Various aspectsare addressed: system studies aiming at simplifyingthe integrated fuel cycle, integral neutroncross-section measurements on various elementslike lithium, fluorine, thorium, and several scenariostudies.To conclude this overview, on can make thefollowing observations. In the early days ofnuclear-energy development, neutronic and reactorphysics were just one branch of nuclearscience just as nuclear and particle physics orradiochemistry. Since then, these branches havegained more and more autonomy with respect

                                                    

                                                    9. Applications of Nuclear Science 175to each other due to their increased technicalcomplexity and specialisation. As a consequence,differentiated scientific and technicalcommunities have emerged with their own cultureand scientific approaches. Moreover, thenuclear-energy community was, and still is, incharge of developing peaceful as well as militaryapplications of nuclear energy and becametherefore more and more linked to technical,industrial and strategic issues. On the otherside, the academic world, i.e. universities, nationaland international research organisations(e.g. CERN at a European level), has been dealingalmost exclusively with fundamental nuclearscience and related techniques such as accelerators.But since the beginning of the 90’s, thereis a comeback of this community into the fieldof nuclear energy, essentially through the nuclearwaste issue. It is now acknowledged thattransmutation with ADS and innovative conceptsmay largely profit from its specific expertise,provided a tight collaboration between nuclearphysics, reactor physics and material sciencestakes place.9.3 Interactions between nuclear,atomic and condensed matterphysics.Nuclear Physics interacts with numerous otherscientific fields. The particularly fertile interactionswith Atomic and Condensed MatterPhysics have been presented in length in onechapter of the very recent <strong>NuPECC</strong> 2002 Report“Nuclear Science in Europe: Impact, Applications,Interactions”. In what follows, we onlyintend to introduce briefly the main points, atthe intersection of the three disciplines, on whichrecent efforts have focused and where importantprogress has been achieved.Of course nowadays and since long, Atomicand Condensed Matter Physics use rather extensivelyand routinely instruments that werefirst developed in the context of Nuclear Physics.This is the case in particular for implantors,small accelerators and for synchrotron radiation.Such facilities are now available in environmentsindependent of Nuclear Physics and the very importantand versatile results that they provideare not within the scope of our short presentation.We want here to concentrate on researchdomains where scientists of the three disciplinesexchange. These exchanges may concern basicconcepts, but may also be related to instrumentsand techniques. Many efforts at the borderlinesbetween nuclear, atomic and solid state physicshave triggered in the past many important discoveries.The close collaboration between thedifferent disciplines at accelerator laboratories(for example at ISOLDE/CERN, GANIL/Caen,GSI/Darmstadt) does not only result in an efficientuse of modern accelerator facilities but alsoin substantial progress in physics which couldnot be reached without it.An important field of research, in whichNuclear Physics or Nuclear Physics methodsare used to answer usually addressed questions,is the field of High Energy Physics. Thisapproach implies the use of highly developedexperimental techniques that allow access tosupplementary information or even to gaincomplementary results in addressing questionsof fundamental interest. Depending on thetypes of experiments and the informationgained, they can be subdivided in two classes.In the first class of experiments, it is tried toextend the present knowledge within the frameof the Standard Model as much as possible,thus testing the predictive power to its ultimatelimits. Here, one finds all the experimentswhich are presently being set up to test quantumelectrodynamics (QED) and quantumchromodynamics (QCD) at their limits; inother words experiments that go to increasinglyhigher orders in a perturbation series. QCDcan nowadays be included here since recentlya powerful theoretical tool has been developed(chiral perturbation theory and heavy-baryonchiral perturbation theory) which permits perturbationcalculations. An illustrative examplerelates to high-precision measurements of QEDin bound states of high-Z hydrogen-like atoms(Lamb-shift and g-factor measurements). Asecond example is the investigation of stronginteraction phenomena in elementary hadronicatoms like pionium or pionic as well as kaonichydrogen. Both experimental programs have incommon that they are conducted with two-body

                                                    

                                                    176 9. Applications of Nuclear ScienceIon Beam Analysis:An application to art and archaeologyFor almost 15 years, an IBA facility called AGLAE (Accélérateur Grand Louvre pour l’AnalyseElementaire) has been installed in the Centre for Research and Restoration of the Museums ofFrance, in the Louvre museum. A special set-up, namely an external beam line, has been developedfor the in-air analysis of large or fragile works of art without sampling. This facility is used forboth short investigations at the request of museum curators and extensive research works in arthistory, archaeology and conservation science.One type of applications is related to materials identification. The identification of constituentmaterials of art works is the basic objective of any scientific study. It yields important informationon the applied artistic techniques and the authentication of artworks. This task can be easily carriedout by external beam PIXE (Particle-Induced X-ray Emission). Such an approach is illustratedby numerous studies on papyri, manuscripts, miniatures and drawings, the aim of which is todetermine the nature of inks, pigments or metal points.This technique was applied to a set of drawings by Pisanello, a famous Italian Renaissance artist.It was shown that the artist used several types of metal points: lead or silver-mercury alloy onparchment or paper without preparation and pure silver on a preparation based on bone whiteor calcium carbonate. Another study has been devoted to the identification of pigments used inmedieval illuminated manuscripts, kept in the National Library of France.Concerning Egyptian papyri, the palette of the Book of the Dead from the Middle Empire has beeninvestigated. Macroscopic distribution maps of elements have permitted to identify the differentpigments: red (hematite, ochre), black (carbon), yellow (orpiment) and white (huntite). A lightblue pigment containing strontium (celestite) has been revealed for the first time.Another example of mineral identification stems from the study of a Parthian statuette kept in theLouvre and representing the goddess Ishtar. The red inlays representing the eyes and navel turnedout to be rubies and not coloured glass as previously thought. In effect, the PIXE spectrum ofmajor elements indicates the presence of aluminium and chromium, characteristic of ruby.T.Calligaro et al, J.Nucl.Instr. and Meth. B 161(2000)328.

                                                    

                                                    9. Applications of Nuclear Science 177systems thus avoiding many-body effects, whichwould render high-precision experiments impossible.On the other hand, there is a common beliefthat the Standard Model cannot be the end ofthe story because of several reasons; e.g., it hastoo many free parameters. Much effort thereforegoes into the search for physics beyond the StandardModel. Neutrino experiments and weakinteractionstudies in neutron and nuclear decayfind their motivation in this search. Here, onedeals with simple systems, like neutral particlesor atoms in a trap, which permit a clean theoreticaltreatment and can be studied with utmostprecision experimentally. This “precisionfrontier” is, in many cases, equivalent to interactionenergies barely achievable with acceleratorsand allows a glance to cosmological timesat which, to our present understanding, symmetrywas broken. Good examples are the searchfor the electric dipole moment of the neutron orβ-decay correlation experiments with neutronsor trapped atoms. Also, the use of nuclearphysicstechniques for the study of highly ionisedatoms or exotic atoms opens many possibilitiesfor high-precision experiments to addressphysics beyond the Standard Model. Examplesare the search for right-handed currents inweak decays or the search for violation of conservationlaws like charge-parity (CP) or chargeparityand time reversal (CPT).Nuclear properties are also currently studiedwith techniques related to Atomic or CondensedMatter Physics. Such techniques are applied inorder to obtain model-independent informationon nuclear ground-state properties of short-livednuclides such as atomic masses, half-lives, nuclearspins, magnetic dipole moments, electricquadrupole moments and nuclear charge radii.Information is also obtained on excited states ofnuclear matter; e.g., study of internal conversionvia bound atomic states and search by ion blockingfor the influence of nuclear dissipation onfission times. Laser ionisation and polarisationas well as beam cooling techniques, developedby atomic physicists, are now being applied atfacilities for nuclear physics.Accelerator techniques being motivated bynuclear physics are used in order to create unusualatomic systems such as muonic atoms,highly charged ions or anti-hydrogen which allowone to study atomic physics under veryextreme or unusual conditions. For example,the elements heavier than uranium up to theso-called superheavy elements can only be producedartificially at accelerators or nuclear reactors.These heavy elements are testing groundsfor relativistic effects in atomic physics andchemistry. Also, the long isotopic chains accessibleat radioactive ion beam facilities (on-lineisotope separator or in-flight facilities) enabledto explore a large range of mass numbers andin this way provided a stringent test of the theoryof isotope shift consisting of a volume and amass effect.The availability of high-performance ionstorage rings of swift ions, of cluster acceleratorsproducing intense beams with excellentoptical quality and of ion sources providinghighly charged slow ions, have enabled a seriesof benchmark experiments on particle-mattercollisions. In addition, developments in targetpreparation techniques along with significantadvances in large area many-particle detectiondevices of extreme spatial and time resolutionhave allowed to study in detail the dynamicsof collision products. The whole research activityin this field covers a wide range of scientifictopics: New generation of prominent experimentsconcerns the interaction of atomic, molecularor cluster ions, over a wide range of energy(from eV to GeV), with matter-matter includingnamely electrons, plasmas, atoms, molecules,clusters and solids. Nowadays, in many cases,both the states of these incoming ions and theresponse of the target are characterised duringthe collision. The fundamental goal in many ofthese studies is to probe the response of matterunder the influence of strong and short pulses ofelectromagnetic radiation.For collisions with dilute media, highprecisionmeasurements cross sections ofmultiple processes are at hand and reveal shortcomingsof the most sophisticated theories. Nevertheless,the knowledge acquired on elementaryprocess has opened the way to the investigationof the dynamics of more complex systems,

                                                    

                                                    178 9. Applications of Nuclear ScienceAccelerator Mass Spectrometry (AMS):One application to environmental studiesOne of the most pressing current environmental questions is that of climate change. A hot subjectis what type of mechanism might lead to dramatic climate changes on time scales as short as severaldecades which are now recognised as having occurred in the past (see for example, Physics Today,August, 2003)? Such studies can be made observing modifications of ocean circulation patterns inthe Nordic seas where deep-water formation is an integral driving force for global ocean circulation.A new tool to trace these patterns is 129 I (discharged in substantial quantities by the nuclear fuelreprocessing facilities at La Hague (F) and Sellafield (UK) into the English Channel and Irish Sea,respectively). Because of its long half-life (15.7 My), 129 I is not considered to be a radiologicalhazard. On the other hand, its solubility, its unique temporal and spatial input function and thegreat sensitivity to measure it by AMS makes it a particularly attractive tracer for this region.One requirement for such studies is a simple, rapid and inexpensive procedure for preparing andanalysing the large number of seawater samples, which are needed for oceanographic applications.An example of such measurements is given in the Figure, which shows the distribution of 129 I,relative to the stable isotope 127 I, together with temperature and salinity, as a function of depthand distance from the coast, for a cross section perpendicular to the Norwegian coast, at ∼ 70˚latitude. The Figure represents several hundred analyses made on the Gif-sur-Yvette AMS facility,on samples prepared from only 100 ml of seawater. It shows the very strong concentration of 129 Iin the Norwegian Coastal Current, as well as its degree of spreading into the warmer and moresaline Atlantic Current (the famous Gulf Stream), as it prepares to enter the Arctic Seas. An addedenvironmental benefit of these studies is that they can predict the fate of various other pollutants,which enter the North Sea via several European rivers and then are transported into the ecologicallysensitive region of the Arctic Seas.Potential temperature (˚C), salinity (psu) and 129 I/ 127 I ratio (10-10) in seawater as a function ofdepth and distance perpendicular to the Norwegian coastline at ∼70˚C N latitude. (J.-C. Gascardet al., submitted to Geophys. Res. Lett.)

                                                    

                                                    9. Applications of Nuclear Science 179like induced fragmentation of molecules or clusters.Ions interaction with electrons shows upnew states of atoms, molecules and clusters. Besidethe prime importance of electron-ion collisionsin plasmas directly related to heavy-ioninertial-fusion purposes, resonances in collisioncross sections provide today an alternative accessto highly accurate information on atomicenergy levels, and therefore a sensitive test ofQED calculations. Finally, mechanisms responsiblefor strong energy deposition during ion in-Figure 9.4: An artist’s view of processes induced bythe approach of a highly charged ion to a surface.teraction with condensed matter (bulk and surface)are determined with deep insight. Thesestudies clearly provide crucial information forthe understanding of the first stages of materialmodifications. Among them, the developmentof experiments related to spectacular chargeexchangeprocesses taking place during the interactionof slow highly charged heavy ions withsurfaces should be emphasised.Beyond its own fundamental interest, thefield of ion-matter interaction has also a strongimpact on many other scientific domains likeAstrophysics and Astrochemistry, AtmosphericPhysics, Radiobiology and Radiation Chemistry.Material modification induced by irradiationis a scientific domain at the frontier of severaldisciplines (Figure 9.4): Nuclear Physics,Atomic Physic, Solid State Physic and Chemistry.One prominent fact of this science is thevariety of the materials studied, ranging frommetals to living cells and the variety of projectilesand energies used (photons, electrons, neutronsand ions in the eV to GeV energy range).The other important characteristic is the constantinterplay between the applied and basicfields. In the applied field, materials are submittedto irradiation in the nuclear-energy industry,in space and in microelectronic industry. Theknowledge and understanding of the detrimentaleffects induced by irradiation is a clear need.The emphasis on the fission fragment damageis boosted by the eventuality of transmutationof actinides in order to reduce the problem ofthe nuclear-waste management. As radiation inducesnon-equilibrium states of matter, new materialscan be created with novel properties. Inindustry, many applications of material irradiationhave been developed for the production ofmicro- and nano-materials of high technologicalinterest. Recent developments are on replica ortemplate techniques that allow the production ofcylindrical objects of micrometer-nanometer sizeof virtually any material on any surface. Anotherexample is the production of nanoporesby chemical etching of ion tracks.In basic research, radiation is a means, sometimesunique, to induce non-equilibrium statesof matter. In this sense, it is an interesting subjectof physics by itself. In the last 15 years,a sizeable scientific community of solid-statescientists has used facilities shared with nuclearphysicists or originally devoted to nuclearsciencestudies. The interest of this communityis on the highly excited states of matterinduced by swift heavy ions, SHI, high or low energyclusters beams and very low velocity highlycharged ions, HCI. These ion beams correspondto extremely high densities of energy depositionand under these conditions, very spectaculareffects are observed. The hammering effectof track-generating ions in amorphous materialsand the damage of metallic systems were someof the most unexpected and remarkable effectsof SHI irradiation. The development of criteriafor phase stability under irradiation is one ofthe challenges for the next years. Cluster beamshave largely contributed to the understanding ofthe track generation. Nowadays, the attentionpaid to the effects of SHI on organic materials is

                                                    

                                                    180 9. Applications of Nuclear Sciencerising. The interest on biological effects and especiallyon heavy-ion radiotherapy partially explainsthis trend. The interest of the results obtainedon model systems, as simple polymers orplasmid DNA, goes beyond this research areaand are instructive for the life-science studies.The radiation-induced material modificationis also a tool for basic research in other branchesof physics. The latent tracks induced by SHI arethe defects that have found a marked interestfor basic studies. Columnar defects induced byfast heavy ions are ideal pinning centres for fluxlines in high-T c -superconductors. Induced latenttracks in metallic compounds produce magneticnanostructures and allow unique studies onnanomagnetism.being projected over the world. Also, significantprogress has also been achieved in whatconcerns methods using exotic beams, such aspositron and µ-Spin Resonance Methods. Recenttechnical achievements, which allow smallnumbers of muons to be implanted at very lowenergy, are boosting a wealth of new applicationswhere the material microscopic propertiesare studied near the surfaces at the nanometerscale. In what concerns techniques using standardion beams, high depth and lateral resolutionshave been reached for materials analysisand microfabrication. These improvements arerelated to the use of focused ion beams and of detectorswith very high energy resolution. Atomicdepth resolution may be reached near surfaces;laterally the precision for lithography and topographyis of the order of 10-100 nm.Figure 9.5: Electrodeposited nanowires observedwith a scanning electron microscope after the dissolutionof the polycarbonate track etch membranetemplate (E.Ferain et al). Some nanowire diametersare given. Scale bar is 500µm.Nuclear techniques are also currently appliedfor material characterisation in industrialand fundamental research in Condensed MatterPhysics. In this domain, technical developments,new methods and applications haveopened interesting perspectives during the lastyears.These developments concern in particularneutron-scattering studies of condensed matter,a standard technique that provides insight intothe structural and magnetic behaviour of materials.Vast progress has been made on neutrondetectors and spallation neutron sources,which drive new and powerful neutron facilitiesFigure 9.6: Blocking effects from implanted radioactivenuclei. (a), (b) and (c) Normalised emissionyields of the integral β-intensity in the vicinity of〈111〉, 〈100〉 and 〈110〉 directions of implanted 67 Cuinto n + -Si:As; (d), (e) and (f) are best fits of simulatedpatterns to the experimental yields (U.Wahl etal).Finally, the use of radioactive ion beams

                                                    

                                                    9. Applications of Nuclear Science 181gives access to sophisticated nuclear techniquesfor Solid State Research (Figure 9.6). The experimentsare performed on-line at radioactiveisotope separators. These facilities provide newatomic-scale tools, which are applied to studylocal fields, impurity lattice sites and identifythe element responsible for macroscopic propertiesin the bulk, interfaces and surfaces of a largerange of materials.basic research.9.4 Concluding remarksThe potential of nuclear physics for interdisciplinaryresearch and applications is quite large.Only a limited number of examples have beengiven here which illustrate the richness of thefield. The applications of nuclear physics arealso important as a vehicle to increase publicappreciation of the achievements of our science.Nuclear physics makes indeed an essential contributionto the welfare of our society in manyrespects. Biomedical applications as well as environmentalstudies have a non-negligible impacton our society. Barriers between communitiesare progressively vanishing for their mutualbenefit. In that context, the developmentof multi-disciplinary research teams should bestrongly supported. This continuous interactionwith other communities is essential as differentfields may share concepts, models, and techniques.A good example is the cross-fertilisationbetween nuclear science and atomic and condensedmatter physics. There are numerousspin-offs of nuclear technology. Good examplesare accelerators, detectors, lasers, ion traps,and ECR ion sources. The forthcoming publicationof the survey of the facilities, which provideaccess to application-oriented research, gives avery good illustration of the potential for applicationsusing the powerful tools which are providedby these facilities. There is a need to increasethe visibility of applied nuclear science inuniversities. In that respect, the role of smalluniversity facilities remains essential. Finally,it should be clear that one should not establisha hierarchy between basic and applied physics.However, it should also be clear that no highquality application studies would be achievedwithout a continuous high quality and creative
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