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We review the experimental knowledge on the dipole polarizability (DP) of nuclei and its relation to the neutron skin thickness and properties of the neutron-rich matter equation of state (EOS). The discussion focuses on recent experiments using relativistic Coulomb excitation in inelastic proton scattering at extreme forward angles covering a mass range from 40Ca to 208Pb. Constraints on the neutron skins and the density dependence of the symmetry energy are derived from a systematic comparison to calculations based on density functional theory (DFT) and ab initio methods utilizing interactions derived from chiral effective field theory (χEFT). The results consistently favor a soft EOS around or slightly below the saturation point. An outlook is provided on possible improvements in the precision achievable in stable nuclei and studies of exotic neutron-rich unstable nuclei with upcoming experimental facilities.
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1 INTRODUCTION
The nuclear equation of state (EOS) describes the energy per nucleon of nuclear matter as a function of proton (ρp) and neutron (ρn) densities [1]. It governs the properties of nuclei and neutron stars [2, 3] as well as the dynamics of core-collapse supernovae [4] and neutron star mergers [5]. As an example, Figure 1A illustrates the bounds of the mass–radius dependence of neutron stars predicted by different EOS models. A systematic description of the EOS from nuclear densities to those in neutron stars is a central goal of current physics [6]. Despite a wealth of new data at high densities from observations on the properties of neutron stars and neutron star mergers [7] and information on the intermediate density regime from central heavy ion collisions [8, 9], experimental constraints on the EOS around the saturation density of nuclear matter n0∼0.16 fm−1 are still insufficient.
[image: Panel A shows a graph of mass versus radius for neutron stars, illustrating regions based on different maximum masses and radii. Panel B presents a plot of symmetry energy parameters with colored ellipses representing various frameworks. Panel C displays a diagram mapping symmetry energy against a slope parameter, highlighting areas with constraints and various theoretical models.]FIGURE 1 | (A) Predictions of the mass–radius relation of neutron stars from different EOS. Figure taken from [3]. (B) Theoretical constraints on the relation of J (or SV) and L. The points with vertical error bars on the left side represent measurements of the neutron skin thickness in 208Pb. Figure taken from [3], where the original references can be found. (C) Experimental and theoretical constraints on the relation of J (or SV) and L. Figure taken from [10], where the original references can be found.The nuclear matter EOS can be approximately written as a sum of the energy per nucleon of symmetric matter and an asymmetry term
Eρ,δ=Eρ,δ=0+Sρδ2+Oδ4,(1)
where the nucleon density (ρ) and the asymmetry parameter (δ) are defined by the neutron (ρn) and proton (ρp) density as
ρ≡ρn+ρp,δ≡ρn−ρpρn+ρp.(2)
The symmetry energy factor S(ρ) in Equation 1 can be expanded around the saturation density ρ0∼0.16 fm−3 as
Sρ=J+L3ρ0ρ−ρ0+Ksym18ρ02ρ−ρ02+⋯ .(3)
Here, L is the slope parameter at density ρ0.
The first term in Equation 1 representing symmetric nuclear matter is fairly well constrained by the compressibility derived from systematic measurements of the isoscalar giant monopole resonance (ISGMR) in nuclei [1]. Figures 1B,C [3, 10] illustrate the variety of experimental and theoretical constraints on J (also called SV in the literature) and L defined in Equation 3. While these confine possible values of J to a range of approximately 30–35 MeV, the uncertainties of L are much larger.
As detailed below, all relevant theoretical models predict a strong correlation between L and two experimentally accessible quantities, viz., the neutron skin thickness and the dipole polarizability. The connection is illustrated in Figure 2. The density distributions of neutrons ρn(r) and protons ρp(r) in the ground state can be determined from the condition of minimum energy. They approximately have the shape of Fermi distributions, as illustrated in Figure 2, for a nucleus with N≫Z. The mean square radius of neutrons, Rn=r2n1/2, is slightly larger than that of protons Rp=r2p1/2. The difference between the two, rskin=Rn−Rp, is defined as the neutron skin thickness.
[image: Graph showing density distributions for neutron and proton in a nucleus, plotted against radius in femtometers (fm). The neutron density \( \rho_n(r) \) is higher than the proton density \( \rho_p(r) \). Dashed lines represent neutron radius \( R_n \) and proton radius \( R_p \). \( r_{\text{skin}} \) indicates the difference in radii. Density is measured in \(\text{fm}^{-3}\).]FIGURE 2 | Neutron and proton density distributions are schematically shown by the thick and thin solid lines, respectively. For a larger (smaller) L value, the inner density difference between neutrons and protons becomes smaller (larger), as illustrated by the dashed blue (dotted red) lines with a larger (smaller) difference at the surface, resulting in a larger (smaller) neutron skin thickness.The neutron skin thickness is sensitive to the L value due to the following reason. As discussed above, the symmetry energy of nuclear matter at a given nucleon density depends on the square of the asymmetry parameter δ, defined in Equation 2. The first-order density dependence of the symmetry energy is represented by the slope parameter L. Suppose that the density distributions in Figure 2 were determined for an L value to have the minimum energy. There are density differences between the neutrons and protons in the inner part (higher nucleon density) and at the surface part (lower nucleon density). For a larger L value, the density distributions change to have less density difference in the inner part, thereby reducing the symmetry energy in the higher density part. Consequently, the neutron skin thickness and the symmetry energy at the surface become larger for a conserved number of neutrons and protons.
The neutron skin thicknesses of medium-mass and heavy nuclei have been extracted from experiments studying elastic proton scattering [11], coherent π0 production [12], antiprotonic atoms [13, 14], and the isovector (IV) spin–dipole resonance [15]. Of particular importance are experiments using parity-violating polarized elastic electron scattering [16]. The parity-violating part of the reaction is mediated by the weak interaction and, due to the dominance of the neutron form factor, allows for extracting the neutron density distribution in an almost model-independentway [48]. Such experiments have been performed for 208Pb (lead radius experiment, or PREX) [1] and 48Ca (calcium radius experiment, or CREX) [2]. Neutron skins were determined by comparison with the well-known charge radii.
The dipole polarizability (DP) of nuclei can be obtained from measurements of the photoabsorption cross-sections. A connection between DP, neutron skin thickness, and parameters of the symmetry energy can only be made through models. Such calculations are presently based either on density functional theory (DFT) [20] or ab initio coupled-cluster calculations [21] using interactions derived from χEFT [22]. Both types of models predict a strong correlation between the magnitudes of dipole polarizability, rskin, and L. The considerable experimental challenges of direct measurements of the neutron skin and the model dependencies of methods that extract the neutron skin from the difference of mass and charge radius [23] call for an alternative experimental observable. Because properties of the symmetry energy cannot be extracted directly from experiments but require theory input, measurement of the dipole polarizability provides independent constraints.
While several experimental techniques to measure the DP are discussed, the present review mainly focuses on recent progress using relativistic Coulomb excitation in forward-angle proton scattering at energies of several hundred MeV [24]. One advantage of this method is consistent results across the neutron separation energy, while many of the other experimental techniques are limited to either the energy region below or above. Even more important, measurements of the E1 strength with relativistic Coulomb excitation can be extended to exotic nuclei at rare isotope beam facilities like RIKEN, FRIB, and the GSI Facility for Antiproton and Ion Research (FAIR). Such experiments are performed in inverse kinematics, where the virtual photon flux can be boosted by using a high-Z target and efficient setups with almost 4π solid angle coverage for detection of neutron emission above [25] and γ emission below the neutron threshold [26, 27]. In combination with the large cross sections, this will permit access to nuclei with extremely large neutron excess, much closer to the properties of neutron-rich matter relevant to the physics of neutron stars. In addition to the antiProton Unstable Matter Annihilation (PUMA) project [28] aiming at the neutron skin thickness in unstable nuclei using antiproton annihilation, dipole polarizability measurements with relativistic Coulomb excitation are probably the only experimental probe promising insight into properties of the symmetry energy over a wide range of neutron-to-proton ratios.
The paper is organized as follows. Section 2 discusses how information on the neutron skin thickness and symmetry energy can be inferred from model calculations based on DFT (Section 2.1) and ab initio methods (Section 2.2). Section 3 is devoted to experimental issues. A short discussion of the available techniques in Section 3.1 is followed by a description of methods to disentangle electric and magnetic contributions to the DP in Section 3.2. The relevance of experimental information in the energy region of the isovector giant dipole resonance (IVGDR), as well as below the neutron threshold and above the IVGDR, is compared in Section 3.3, Section 3.4, and Section 3.5. The comparison of experimental and theoretical results (Section 4) for a range of nuclei from 40Ca to 208Pb and constraints on neutron skin thickness and the parameters of the symmetry energy extracted thereof are presented in Section 4.1 for DFT and Section 4.2 for ab initio approaches. Section 4.3 focuses on the difficulties of simultaneously describing the results of parity-violating elastic electron scattering and DP experiments with present-day models. Finally, Section 4.4 discusses the systematics of the DP and the role of volume and surface contributions to the symmetry energy. A summary and an outlook are given in Section 5.
2 RELATION BETWEEN DIPOLE POLARIZABILITY, NEUTRON SKIN THICKNESS, AND SYMMETRY ENERGY
In this section, we discuss how information on the neutron skin thickness and parameters of the symmetry energy can be inferred from the comparison of the experimental dipole polarizability to theoretical predictions. At the moment, there are two classes of models, based on either DFT or an ab initio coupled-cluster approach. Because isovector observables are not well constrained in DFT, quantitative predictions of the DP can vary considerably. However, one can establish a robust correlation between the parameters J and L of the symmetry energy through αD. With ab initio-based models, one aims at an absolute prediction of αD, and the underlying symmetry energy parameters of the interaction can be used to calculate the EOS.
The dipole polarizability αD is related to the reduced B(E1) transition strengths and the photoabsorption cross sections σabs by
αD=ℏc2π2∫0∞σabsEx2dEx=8π9∫0∞BE1ExdEx.(4)
While the integral runs to infinity in principle, because of the inverse energy weighting a measurement of the E1 strength up to excitation energies of about 60 MeV in light [29] or 30 MeV in heavy nuclei [30] is sufficient to achieve saturation. Thus, αD is dominated by the isovector giant dipole resonance (IVGDR), but contributions from the energy regions below and above are non-negligible, as discussed in Section 3.
2.1 Connections in density functional theory
An approximately linear correlation between rskin and L was demonstrated in Hartee–Fock calculations of 208Pb with relativistic [31] and Skyrme [32] density functionals, as illustrated in Figure 3A. A comprehensive investigation of correlations between IV experimental observables and the bulk parameters of DFT models [33] demonstrates that these two quantities are also correlated with αD in heavy nuclei. Figure 3B shows, as an example, the correlations with the neutron form factor of 208Pb, which can be derived from a parity-violating elastic electron scattering experiment.
[image: Graph (A) shows a positive linear relationship between the neutron radius difference \( R_n - R_p \) and the derivative of the neutron equation of state for \( ^{208}Pb \). Graph (B) presents a bar chart correlating various nuclear properties with \( F_n \) in \( ^{208}Pb \). Correlation values range from 0 to 1.]FIGURE 3 | (A) Correlation between the neutron skin thickness in 208Pb and L for a large set of DFT interactions. Figure taken from [31]. (B) Correlation of various observables in 208Pb with the neutron form factor at momentum transfer q=0.45 fm−1. Figure taken from [33].While this type of correlation is observed for all interactions, absolute values show large differences. In general, the magnitude of IV quantities like αD is not well constrained in DFT models because the model parameters are typically fitted to binding energies and charge radii of selected nuclei, which show little sensitivity to the IV parts of the nuclear interaction. A study of the relation between αD and the neutron skin in 208Pb for a large number of interactions illustrates the problem [34]. Figure 4A shows that the predictions for the neutron skin vary from 0.12 fm to 0.32 fm, and for a given value of rskin, predictions for αD scatter wildly. However, the product of αD×J plotted versus rskin (or L) shows a linear dependence with a high correlation coefficient [34], cf. Figure 4B. This relation can be understood within the droplet model [35] and provides a correlated range of J,L values, as indicated for the case of 208Pb [36] in Figure 1C.
[image: Two scatter plots labeled (A) and (B). Plot (A) shows the relationship between \( \alpha_D \) (fm\(^3\)) and \( \Delta r_{np} \) (fm), with a correlation coefficient of 0.62. Different models like DD-ME, Skyrme, SV, FSU, NL3, SAMi, and TF are represented by various colored symbols. Plot (B) shows a stronger correlation coefficient, 0.97, depicting \( 10^{-2} \alpha_D J \) (MeV fm\(^3\)) versus \( \Delta r_{np} \) (fm), with the same models. A line of best fit is indicated.]FIGURE 4 | (A) Dipole polarizability against neutron skin thickness in 208Pb Pb predicted by modern DFT interactions. (B) The same for dipole polarizability times symmetry energy at saturation density. The results are well described by a linear fit. Figures taken from [34], where the original references for the various interactions can be found.2.2 Connections in ab initio models
Ab initio calculations based on interactions derived from χEFT play an important role in the attempt to systematically describe the EOS of neutron-rich matter at all densities [2]. Figure 5A displays examples of next-to-next-to-next-to-leading order predictions of the density behavior in the nuclear regime [37]. The upper and lower parts present the neutron and symmetric matter results, respectively, for two different families of interactions with somewhat different symmetry energy parameters shown in the left and right columns. The gray boxes indicate the value of the saturation density. The colored curves correspond to different cutoff parameters of the model space; for details, see [37].
[image: Panel A consists of graphs showing energy per particle \(E/N\) and per nucleon \(E/A\) for neutron and symmetric matter, respectively, with density \(n\). Shaded regions denote uncertainties. Panel B displays three graphs labeled a, b, and c, showing relationships between neutron skin thickness \(R_{\text{skin}}\), neutron radius \(R_n\), and dipole polarizability \(a_D\). Points with error bars, shaded regions, and fitted lines signify data and trends.]FIGURE 5 | (A) Energy per particle in neutron matter (top row) and symmetric nuclear matter (bottom row) based on chiral interactions at N2LO (first column) and N3LO (second column) fit to the empirical saturation region (gray box). The blue and gray bands estimate the theoretical uncertainty assuming different parameter constraints. Figure taken from [37]. (B) Predictions of the neutron skin (a), point-neutron radius (b), and electric dipole polarizability (c) versus the point-proton radius for 48Ca. Ab initio results with the NNLOsat interaction [38] and chiral interactions [39] are shown as red circles and squares, respectively. The diamonds represent selected DFT results. The blue line represents linear fits to the ab initio predictions with uncertainties indicated by the blue bands. The horizontal green line marks the experimental value of the 48Ca charge radius. Its intersection with the blue lines and the blue bands yields the vertical orange lines and orange bands, respectively, giving the predicted range for the ordinates. Figure taken from [40], where the original references of the shown DFT interactions can be found.Predictions of αD and correlations with proton and neutron radii based on χEFT interactions have been obtained from calculations based on a coupled-cluster expansion of the wave functions [21] combined with the Lorentz-integral-transform approach to extract the E1 strength [41]. An example of such calculations for 48Ca [40] is presented in Figure 5B, where the correlation of rp with rn, rskin and αD is displayed together with representative examples of DFT predictions. While the DFT results predict neutron skin values ranging from 0.16 fm to 0.22 fm, the ab initio results based on a set of interactions from [38, 39] consistently favor rather small values varying from 0.12 fm to 0.15 fm.
A major difference between the two theoretical approaches lies in the predicted relation between the proton and neutron radii. The DFT predictions of rp are approximately constant, most likely because the charge radius of 48Ca is in all cases part of the data set used to fix the model parameters. The ab initio calculations, on the other hand, predict a linear correlation, leading to the approximate constancy of the neutron skin. The absolute value of αD in the ab initio models shows a larger variation than the DFT calculations but can be well described by a linear correlation similar to rn. As discussed in the following, these correlations allow extracting constraints on the range of symmetry energy parameters based on the successful description of experimentally measured polarizabilities and charge radii. This type of calculation has been limited so far to closed-(sub)shell nuclei. For recent attempts of an extension to open-shell nuclei, see [42, 43].
3 DIPOLE POLARIZABILITY FROM EXPERIMENT
In this section, we discuss the experimental methods to extract the B(E1) distribution in nuclei and the DP. It is technically difficult to directly measure the DP of nuclei as the response to a static electric field, although there exist exceptional cases of very light nuclei; see, for example, the works studying the deviation of elastic scattering cross section from Rutherford scattering [44, 45]. Instead, B(E1) or σabs distributions are measured and integrated to determine the DP by Equation 4. Some of the experimental methods discussed below are restricted in the accessible excitation energy range; that is, the techniques are applicable below or above the neutron emission threshold (Sn) only. Thus, the role of contributions to the DP below Sn from the IVGDR and from the energy region above the IVGDR is discussed in more detail. Both E1 and M1 transitions are excited, and possible ways of their distinction are briefly presented.
3.1 Experimental methods
3.1.1 Photoneutron measurement
The photoexcitation of nuclei above the neutron separation energy was intensively studied by using photoneutron measurements. The photoneutron reaction is conventionally written as (γ,xn), where x stands for the number of emitted neutrons after photoexcitation. The (γ,xn) cross-section is the sum of the (γ,1n), (γ,2n), …+ (γ,np) above the respective thresholds. From the 1960s to the 1980s, positron annihilation in flight was used for producing a quasi-monoenergetic γ-ray beam at Lawrence Livermore National Laboratory (LLNL) and at Saclay. Neutrons emitted after interaction with a target were thermalized and detected. For details, see [46, 47].
Neutron emission is the dominant decay process after photoexcitation for a nucleus as heavy as 208Pb because charged-particle decays are strongly suppressed by the Coulomb barrier and the γ decay branch is as low as 1%–2% [48]. Thus, the (γ,xn) cross-sections in heavy nuclei can be compared with total photoabsorption cross-sections. The 208Pb(γ,xn) cross-sections are plotted in Figure 6. The data were taken at LLNL (open light blue circles [49] and solid blue circles [50]) and at Saclay (half-filled red circles [51]). The results from the two laboratories show clear discrepancies, which is also true for some other nuclei. Kawano et al. [52] reported that “in general, the Saclay (γ,n) cross sections are larger than the Livermore data, whereas the Saclay (γ,2n) cross-sections are smaller than the corresponding Livermore data.”
[image: Graph depicting cross-section values in millibarns versus photon energy in mega-electron volts for \(\ce{^{208}Pb}\) gamma absorption. Multiple datasets are shown: Tamii (yellow), Harvey (light blue), Berman (blue), Veyssiere (red), and current work (black). All datasets exhibit a peak around 14-15 MeV, with cross-section values nearing 700 millibarns.]FIGURE 6 | Comparison of the photoabsorption cross-sections of 208Pb from different experiments. Figure taken from [53], where the original references can be found.Later, quasi-monoenergetic photon beams produced by laser Compton backscattering (LCBS) became available at the National Institute of Advanced Industrial Science and Technology (AIST) [54], the High Intensity γ-ray Source (HIγS) facility at the Triangle University National Laboratory [55] and the NewSUBARU facility [56, 57]. An electron beam in a storage ring is irradiated by laser photons to produce high-energy photons by head-on collisions [52]. The scattered photons are collimated to have a narrow energy distribution. The photon energy is variable either by changing the electron beam energy or the laser frequency. The 208Pb(γ,xn) cross-section data measured at NewSUBARU [53] are plotted as solid black circles in Figure 6.
3.1.2 Total photoabsorption
Total photon absorption was studied by applying transmission measurements. In this method, the attenuation of photons in a thick target was measured as a function of the photon energy for extraction of the photoabsorption cross sections. At the Mainz electron accelerator, a narrow photon beam was produced by the bremsstrahlung of an electron beam. The average photon flux was 109 photons/MeV at 20 MeV. Two identical Compton spectrometers monitored the photon flux before and after a natural abundance target with a thickness of 40–200 cm [58]. The dominant atomic photoabsorption cross sections needed to be subtracted. A high-resolution transmission measurement at AIST was reported for 28Si using a HPGe detector [59]. Recently, an experimental setup for photon transmission measurements has been in operation at the photon tagger NEPTUN [60] at the S-DALINAC accelerator in Darmstadt.
3.1.3 Compton scattering
Compton scattering from 208Pb was measured at Mainz using quasi-monoenergetic photons produced by positron annihilation in flight [61] up to a photon energy of 143 MeV. The flux of the photon beam was monitored with a Compton spectrometer. Elastically scattered photons were detected by large-volume NaI scintillation counters. The multipolarity-dependent cross sections were analyzed using the angular distributions. The imaginary part of the scattering cross sections at zero degrees is related to the total photon cross section.
3.1.4 Bremsstrahlung excitation functions
Photonuclear cross sections have been extracted from the radioactive decay of residual nuclei populated in particle emission after irradiation with thick-target bremsstrahlung. The excitation energy dependence can be determined by variation of the bremsstrahlung endpoint energy with an unfolding procedure [62]. However, this requires precise knowledge of the bremsstrahlung spectra, which is experimentally not available. While such spectra can be reliably calculated [63] with present-day Monte Carlo codes such as GEANT4 [64], older versions contained poor approximations [65]. Results deduced from phenomenological approximations or using the analytical description of thin-target bremsstrahlung have potentially very large systematic uncertainties, typically not included in the quoted errors.
3.1.5 Relativistic Coulomb excitation
Relativistic Coulomb excitation is an important experimental tool to study the electric dipole response at radioactive ion beam (RIB) facilities. At beam energies of several hundred MeV/nucleon, cross sections are large and cover an excitation energy range including the IVGDR. The small number of beam particles can be compensated for neutron-rich nuclei by placing a neutron detector under 0° because, at highly relativistic velocities, a small angular opening is sufficient to cover the full 4π solid angle range in the center-of-mass system. The method has been applied to study, for example, halo nuclei [66] and neutron-rich oxygen isotopes [67]. DP measurements in heavier nuclei have been performed for 68Ni [26, 27] and 130,132Sn [23].
The method has also been developed to study stable nuclei using inelastic proton scattering under extreme forward angles, including 0°. Such experiments require advanced methods to remove the background from the beam halo and atomic small-angle scattering in the target. Zero-degree setups have been realized at the Research Center for Nuclear Physics (RCNP), Osaka, Japan, for proton energies up to 400 MeV [68] and at the iThemba Laboratory for Accelerator-Based Science, Faure, South Africa, for 200 MeV [69]. An overview of experiments, data analysis, and physics problems addressed is provided in [24].
3.1.6 Nuclear resonance fluorescence
Nuclear resonance fluorescence (NRF) or (γ,γ′) experiments study the γ emission after resonant absorption of a photon. The reaction selectively excites states with large ground-state branching ratios. The cross-section contributions due to the decay to excited states can be estimated in spherical and vibrational nuclei from the population of the lowest excited states. The experiments can be performed with Ge detectors and thus offer a unique energy resolution. The measured quantities depend on the product of photoabsorption cross sections and ground-state branching ratios; thus, the method is limited to excitation energies below the neutron threshold because of the dominance of particle decay widths in the continuum. Experimental methods, physics, and applications are discussed in a recent review [70].
3.2 Decomposition of E1 and M1 contributions
A general problem of all experimental methods discussed above is the removal of magnetic contributions to the photoabsorption cross sections and the derived DP. Overall, contributions of M1 strength to the DP are small except for very light nuclei [71]. However, they become relevant in the excitation energy region of the spinflip M1 resonance [72]. Therefore, techniques to decompose E1 and M1 contributions are important.
No E1/M1 decomposition can be performed for the photoneutron and total photoabsorption experiments. In the excitation energy regime relevant to determining the DP, they can be distinguished in Compton scattering by combining measurements at forward and backward angles. The multipolarity can also be determined in NRF experiments using transversely polarized photons [73]. Measurements of the response relative to the polarization plane permit a unique assignment of the electric or magnetic character of the emitted radiation. A polarized beam can be extracted from off-axis bremsstrahlung or LCBS. The latter method is particularly efficient because the polarization of the laser light is fully transferred to the photon beam [70].
In relativistic Coulomb excitation, the virtual photon spectrum in the forward direction is dominated by E1. However, in the proton scattering experiments close to 0°, one must consider contributions to the cross sections due to the nuclear excitation of the spinflip M1 strength. Two independent methods have been applied to separate E1 and M1 cross section parts based either on the total spin transfer derived from the combined information of polarization-transfer observables or from a multipole decomposition analysis (MDA) of the cross section angular distributions [24]. Figure 7 presents some illustrative examples. The lower panel of Figure 7A displays the total spin transfer at 0° for the nucleus 120Sn [30] derived from measurements of the polarization-transfer observables DLL and DSS [74]. The upper panel presents the differential cross sections at 0° and their decomposition in non-spinflip (E1 from Coulomb excitation) and spinflip (M1 from nuclear excitation) parts.
[image: Panel A shows graphs for tin-120 with proton reactions at different angles and energies. Graph (a) displays cross-section data with peaks around 15 MeV, and graph (b) shows total spin transfer around zero. Panel B illustrates calcium-40 with proton reactions, displaying varying angles. Graph (a) shows cross-sections with peaks, and graph (b) presents data for a specific angle, highlighting excitation energy with stacked regions.]FIGURE 7 | (A) Top: Double differential cross sections of the 120Sn(p⃗,p⃗′) reaction (black squares) and decomposition into non-spinflip (red diamonds) and spinflip (blue circles) parts. The solid green line shows the cross sections due to excitation of the isoscalar giant quadrupole resonance (ISGQR). Bottom: Total spin transfer as defined in [74]. Figure taken from [30]. (B) Top: Spectra of the 40Ca(p,p′) reaction at Ep=295 MeV and different scattering angles. Bottom: Example of the decomposition of the spectrum at Θlab=0.4° into contributions of L>1 multipoles (orange), continuum background (green), and E1 (red). Figure taken from [29].An example of the MDA analysis is presented in Figure 7B for 40Ca [29]. Spectra at different scattering angles are displayed in the upper panel, demonstrating strongly forward-peaked cross sections in the energy region of the IVGDR expected for Coulomb excitation. The lower panel shows the partial contributions to the cross sections at the most forward angle measured resulting from the MDA: E1 (red), multipoles L>1 (orange), and nuclear background from quasifree scattering (green). Note that M1 strength was neglected for 40Ca because it is concentrated in a single state [75]. A comparison of the two independent methods was made in studies of 96Mo [76], 120Sn [30], and 208Pb [36], and good correspondence of the resulting E1 and M1 cross sections was found. The results shown in Figure 7A have also been confirmed in an MDA analysis [77]. Because the polarization-transfer measurements require secondary scattering, statistics are limited. Thus, in most (p,p′) experiments, the E1/M1 decomposition was restricted to MDA.
3.3 Contributions from the IVGDR
The largest contribution to the DP stems from the IVGDR, whose energy centroids lie well above Sn. It is experimentally accessible with different techniques, and the comparison of results for the same nucleus provides an estimate of the typical accuracy of the DP. One can also average over results obtained with independent methods, thereby reducing the error bars. Some illustrative examples are presented in Figures 8A,B for 48Ca and 116Sn, respectively.
[image: Panel A displays a graph of differential cross-section data for calcium isotopes from various experiments, showing a peak around 18 MeV. Panel B shows the cross-section data for tin isotopes versus energy, highlighting peak regions around 15 MeV. Panel C illustrates photonuclear data for lead and bismuth isotopes, with graphs showing peaks and shaded regions indicating different processes. Each panel uses different markers and lines for various datasets.]FIGURE 8 | Comparison of photoabsorption cross sections from different experiments. (A) B(E1) strength distributions in 48Ca. (B) Photoabsorption cross sections in 116Sn. (C) Photon strength functions (solid lines) of 208Pb (blue squares) and 209Bi (red circles) and the corresponding estimate of the contribution to the DP (dashed lines). Figures taken from (A) [78], (B) [79], and (C) [80], where the original references can be found.The B(E1) strength distributions in 48Ca obtained from (p,p′) [78] (blue circles) and (e,e′n) [81] (green triangles) agree well. Results derived from the bremsstrahlung-induced activity of 47Ca [82] agree on the low-energy wing of the resonance but are significantly larger than the other data on the high-energy side. This can probably be traced back to the problems discussed in Sec. 3.1.4. The second example (B) compares photoabsorption cross sections for 116Sn from relativistic Coulomb excitation [79] (blue squares) with (γ,xn) data [83, 84] (green left arrows and red right arrows). Reasonable agreement is observed in the maximum region of the IVGDR, but one finds significant differences on the low-energy flank. Such deviations are systematically observed in the stable Sn isotope chain, and for some isotopes also at the high-energy flank [77].
In general, studies of the (γ,n) and (γ,xn) reactions with LCB beams at NewSUBARU agree well with the (p,p′) results from the RCNP; see, for example, [85] for a study of Sn isotopes (black upward arrows in Figure 8B) or for 208Pb [53] in Figure 6. However, a puzzling result reported for 209Bi is shown in Figure 8C. Although it differs from 208Pb by only one extra neutron, additional strength is seen on the high-energy side of the IVGDR, leading to a difference in αD not predicted by any model. This particular case certainly needs further investigation.
3.4 Contributions from the PDR
All particle-emission coincidence experiments accessing the E1 strength are limited to the excitation region above the lowest particle separation threshold. Experimental evidence has accumulated that in nuclei with significant neutron excess E1 strength—often concentrated in a resonance-like structure commonly termed pygmy dipole resonance (PDR)—can be found below [86, 87]. Low-energy E1 strength is also found in lighter nuclei with N≈Z. Its contribution to the DP can be significant because of the inverse energy weighting, cf. Equation 4. As examples, they amount to approximately 10% in 58Ni [43] and 8%–13% in the stable Sn isotopes [79].
Most data on low-energy E1 strength stem from (γ,γ′) experiments [70]. They suffer from the problem that branching ratios to excited states are typically unknown, and the extracted strength based on the g.s. transitions represents a lower limit only. Taking 120Sn as an example, the resulting B(E1) strength distribution [88] reasonably agrees with a (p,p′) experiment [89] measuring the total excitation strength up to approximately 6.5 MeV but totally underestimates the strength at higher excitation energies, cf. Figure 9A. Attempts have been made to model the inelastic contributions assuming statistical decay (see, e.g., [90]) but tend to overestimate contributions at low excitation energies. However, progress has been made recently by analyzing the cumulative population of the first 2+ state in even-even nuclei [70]. For the quoted example 120Sn, good agreement between the two experimental methods is achieved [88].
[image: Panel A displays a graph of excitation energy (\(E_x\)) versus B(E1) strength, comparing \( \text{Sn}^{120} \) data from Krumholz et al. and this work, with energy ranging from 4000 to 9000 keV. Panel B contains two subgraphs: (a) shows TRK percentage for total low-lying E1, IVGDR, and Gaussian peaks over a certain range, while (b) presents centroid energy for two peaks and their average, plotted against various values with specific markers.]FIGURE 9 | (A) Comparison of B(E1) strength distributions in 120Sn from resolved states in an NRF experiment (red circles) [88] from the (p,p′) reaction (blue triangles) [89]. Figure taken from [88]. (B) Systematics of the total electric dipole strength in 111–124Sn integrated over the energy region 4 - 10 MeV and its decomposition into contributions from the tail of the IVGDR and one or two (for masses ≥118) resonances. Top: Strengths in % of the Thomas–Reiche–Kuhn (TRK) sum rule. Bottom: Centroid energies. Figure taken from [91].The origin of the low-energy E1 strength in nuclei with neutron excess is a topic of current debate. It has been suggested to arise from an oscillation of the excess neutrons forming a skin against the (approximately) isospin-saturated core [92, 93]. If true, its strength should be related to the neutron skin thickness and, in turn, to the parameters of the symmetry energy [94–96]. However, a recent study of the Sn isotope chain for mass numbers 111–124 casts doubts on such a picture [91]. The correlation between neutron excess and neutron skin thickness in Sn isotopes has been experimentally demonstrated with different methods [97], but based on combined data from Oslo [98–100] and (p,p′) experiments [77], only a minor fraction of the photoabsorption cross section (expressed as fraction of the Thomas-Reiche-Kuhn (TRK) sum rule) can be related to the PDR [101]. A decomposition into the tail of the IVGDR and two resonance-like structures is shown in Figure 9B [91]. The contribution interpreted as PDR is much smaller than those of the IVGDR and the prominent structure approximately 8 MeV. These findings rather point to an interpretation of the PDR as a low-energy part of a toroidal E1 mode [102, 103]. At present, understanding the nature of the PDR remains an open problem. It is clear, however, that DFT predictions restricted to 1p-1h excitations cannot reliably estimate the low-energy E1 strength distribution for cases where data are unavailable [91].
3.5 Contributions from high excitation energies
At excitation energies beyond the giant resonance region, photonuclear cross sections typically contribute a few percent only to the DP. However, for precision results, they must be considered. Data up to the pion threshold have been measured for a few cases, viz., natCa [58], natSn [104], and 208Pb [61, 51]. They show approximately constant cross sections as a function of excitation energy and were considered for the extraction of the DP from (p,p′) experiments [30, 36], neglecting an isotopic dependence. The dominant excitation mechanism in this energy regime is the quasi-deuteron effect [105]. It has been pointed out by Roca-Maza et al. [106] that these contributions are not included in model calculations based on DFT and should thus be removed compared to theoretical predictions. For heavy nuclei, they can be estimated using [107], while in light nuclei, they are negligible in the energy range covered by the models [29, 43, 78].
The ratio of Coulomb excitation to quasifree cross sections in the (p,p′) experiments [24] drops with decreasing mass number limiting, in some cases, the excitation energy range accessible with an MDA for the extraction of E1 cross sections. In such cases, model-dependent corrections must be applied. In the study of the Sn isotopic chain [79], these were based on quasiparticle random phase approximation (QRPA) calculations folded with a Lorentzian to reproduce the experimentally measured width of the IVGDR. A particularly promising approach is discussed in [43] for the example of 58Ni. An extension of the QRPA calculations to include quasiparticle vibration coupling has been successful in describing the width of the ISGMR and curing a longstanding discrepancy between the compressibility values extracted from 208Pb and lighter nuclei [108, 109]. The application to 58Ni demonstrates that the predicted high-energy tail of the IVGDR is largely independent of the chosen interaction [43]. This can be understood to result from the dominance of stochastic coupling [110]; that is, the strength distribution is mainly determined by the density of states and an average coupling matrix element between the 1p-1h and more complex states.
4 EXTRACTING NEUTRON SKIN THICKNESS AND SYMMETRY ENERGY PROPERTIES FROM DIPOLE POLARIZABILITY DATA
In this section, we discuss constraints on the neutron skin thickness and symmetry energy properties derived from the comparison between model predictions and experimental studies of the DP. These refer to specific nuclei like 40Ca, 48Ca, and 208Pb but also systematic isotopic trends or a global mass dependence. The difficulties that presently available models have in simultaneously accounting for measured polarizabilities and asymmetries in parity-violating elastic electron scattering are illuminated.
4.1 Constraints based on density functional theory
The DPs of 40Ca and 48Ca have been studied in [29, 78], respectively. Figure 10A depicts their correlation and a comparison to selected DFT results. The four functionals are representative of widely used forms: non-relativistic Skyrme functionals SV [111] and RD [112] with different forms of density dependence, and relativistic functionals DD [113] with finite-range meson-exchange coupling and PC [114] with point coupling. All four have been calibrated to the same set of ground-state data to determine the model parameters.
[image: (A) Scatter plot of nuclear polarizabilities \(\alpha_D(48Ca)\) vs. \(\alpha_D(40Ca)\) with different theoretical models indicated by color and shape. (B) Graph displaying energy-dependent cross section with inset showing detailed view. (C) Line graph of \(\alpha_D\) against atomic number \(A\) with different models and experimental data comparison. (D) Two scatter plots comparing \(\alpha_D\) for \(^{68}Ni\) and \(^{120}Sn\) against \(^{208}Pb\) with distinct datasets.]FIGURE 10 | (A) Correlation of the experimental DP of 40Ca and 48Ca (blue bands) in comparison with DFT calculations without (full ellipses) and with (dashed ellipses) inclusion of the experimental DP of 208Pb [36] in the parameter fit. (B) E1 strength distribution in 68Ni (black circles) compared to DFT calculations systematically varying the neutron skin thickness [115]. The inset shows the running sum of the DP. (C) Systematics of the DP in the stable Sn isotopes (left panel) and in 208Pb (right panel). The experimental values (blue dots) and their errors (blue band) are compared with DFT results from several modern interactions. (D) Correlation (cross-hatched blue histograms) of the DP in 208Pb with 68Ni (left panel) and 120Sn (right panel) with uncertainties (yellow bands) compared to DFT calculations for a large set of interactions and a linear fit with uncertainty bands. Figures taken from (A) [29], (B) [26], [79], and (D) [106], where the original references can be found.The predictions are displayed as filled ellipses that represent the 1σ error as defined in [116]. The DD functional performs rather well. The other models tend to slightly overestimate the experimental mean values of both 40Ca and 48Ca, but their 1σ error ellipses do overlap with the experimental bands, except for PC. In all cases, the αD values for both nuclei are highly correlated. The dashed ellipses show the effect of additionally including the experimental αD value of 208Pb [36] in the fit, yielding functionals denoted “-alpha.” This improves the agreement with the experiment and shrinks the error ellipsoids. The models incorporate a span of symmetry energy parameters J=30−35(30−32) MeV and L=32−82(35−52) MeV for the calculations excluding (including) the 208Pb data point.
The B(E1) strength distribution of the unstable neutron-rich nucleus 68Ni determined in an experiment measuring Coulomb excitation in inverse kinematics [26] is displayed in Figure 10B. The DP was extracted from a comparison to the model of [115]. The model results show a sensitivity to the assumed neutron skin thickness, as illustrated by the colored curves. A value of 0.17 (2) fm was extracted for the neutron skin thickness from the correlation between the two quantities.
A study of the DP in a long isotopic chain is particularly suited to investigate the connection with the neutron skin thickness. This can be best done in the Sn isotopes with neutron numbers between 50 and 82, where the proton shell closure stabilizes the g.s. deformation. There are many stable isotopes, and a study of the systematics of the DP was presented in [79]. The results are summarized in Figure 10C, which shows the evolution of αD between mass numbers 112 and 124. All DFT calculations predict an approximately linear increase as a function of neutron excess with roughly the same slope. The experimental results indicate a saturation between mass numbers 120 and 124, but the uncertainties (blue band) do not exclude a mass dependence similar to the theoretical results. The rightmost part of Figure 10C shows the predictions of the different models for the 208Pb DP after subtraction of the quasi-deuteron part (see the next paragraph). The models closest in absolute magnitude to the data tend to underpredict αD (208Pb), while those reproducing it overshoot the absolute values in the Sn chain, indicating that the functionals cannot yet fully describe the mass dependence of the DP. We note that E1 strength distributions have also been measured for the unstable neutron-rich isotopes 130,132Sn [25] but the extracted values of αD cannot be compared directly to the results of [79] because the experiment only provided data above neutron threshold.
Roca-Maza et al. [106] combined the experimental DP data for 68Ni [26], 120Sn [30], and 208Pb [36] to test a large variety of density functionals. Because the DFT calculations do not include contributions from the quasi-deuteron process dominating the photoabsorption cross sections above the energy region of the IVGDR, these had to be removed for a comparison [106]. Figure 10D presents correlation plots between the experimental results and theoretical predictions from a wide range of DFT interactions. Only a handful (marked in red) are capable of simultaneously describing all three data points. Based on this reduced set, systematic predictions of αD for other masses, rskin, and the symmetry energy parameters could be derived. The experimental results for 40,48Ca discussed above are fairly well described by these predictions.
4.2 Constraints based on ab initio models
An experimental study of the DP in 48Ca [78] is of particular interest because it is accessible for both DFT and ab initio calculations, and a measurement of the neutron skin with parity-violating electron scattering is available [19]. The comparison is summarized in Figure 11A, where the blue band describes the experimental uncertainty. Ab initio results for the set of interactions from [38, 39] are displayed as green triangles, and a prediction from [40] based on a normalization to the 48Ca charge radius is displayed as a green bar. Results from the set of density functionals described in [40] are shown as red squares with some representative error bars, and the prediction from the analysis of [106] discussed above is shown as a black bar.
[image: Panel (A) shows a graph comparing various methods for measuring the oscillator diameter \( cD \) of Calcium-48, with a highlighted range for uncertainty. Panel (B) presents a graph plotting \( cD \) of Nickel-68 against the radius \( R_c \), showing different data series and uncertainty regions. Panel (C) displays a correlation between the oscillator diameters of Calcium-48 and Nickel-68, with data points and shaded uncertainty areas.]FIGURE 11 | (A) Experimental DP in 48Ca (blue band) and predictions from ab initio results based on χEFT interactions (green triangles) and DFT calculations (red squares). The green and black bars indicate the ab initio prediction selected to reproduce the 48Ca charge radius and the range of DP predictions from [106] simultaneously consistent with the DP in 68Ni, 120Sn, and 208Pb, cf. Figure 10D. (B) Correlation of the experimental DP (green band) and the charge radius (black band) in 68Ni with a comparison to the ab initio coupled-cluster calculations up to 2p-2h (dashed crosses) and 3p-3h excitations (full crosses). The dashed and full lines and corresponding error bands result from linear fits to the theoretical results. (C) Correlation of the experimental DP in 40Ca and 48Ca in comparison with ab initio coupled-cluster calculations including 3p-3h excitations (crosses and purple uncertainty band). Figures taken from (A) [78] and (B) [117], where the original references can be found. (C) is taken from [29] but modified to include an estimate of the theoretical uncertainties shown as a purple band.The DFT results tend to be somewhat high compared to the experiment. The ab initio results show a significant dependence on the chosen interaction, but it can be well approximated by a linear dependence. In principle, this allows for the derivation of boundaries on the neutron skin thickness and the symmetry energy. However, while the ab initio results shown were truncated in the coupled-cluster expansion at the 2p-2h level, subsequent work [118] demonstrated that inclusion of 3p-3h correlations lowers the αD values by 10−20%. The refined results in 48Ca are plotted in Figure 11C against corresponding calculations for 40Ca [29]. A high correlation similar to the DFT results shown in Figure 10A is observed. The purple uncertainty band from the ab initio results overlaps with the crossing of the experimental 1σ error bands. In particular, the NNLOsat interaction [38] accurately describing binding energies and radii of nuclei up to 40Ca and the saturation point of symmetric nuclear matter now reproduces both DP values. The importance of including 3p-3h correlations has also been demonstrated in a recent measurement of the 68Ni charge radius [117]. Figure 11B illustrates the improvement in reproducing the correlation between the charge radius and αD [26] when going from the 2p-2h level (light blue band) to the inclusion of 3p-3h correlations (dark blue band).
As noted in Section 2.2, independent of the chosen interaction, a neutron skin thickness of approximately 0.14 fm is predicted for 48Ca, consistent with the value deduced from the measurement of the weak form factor [19]. The simultaneous description of the data in 40,48Ca and 68Ni implies that the underlying symmetry energy parameters are correct. A conservative estimate is provided by taking the full range of values from the set of ab initio interactions, viz., J=27−33 MeV and L=41−49 MeV.
Recent work has, for the first time, been able to extend the range of ab initio DP calculations based on χEFT interactions to 208Pb [119]. A different technique was used to construct the interactions by history matching [120] using selected experimental observables in light nuclei. Moreover, low-energy nucleon–nucleon scattering phase shifts were additionally considered. The latter are responsible for tight constraints to rather small values of the resulting neutron skin thickness (0.14−0.20 fm for 208Pb). The variation of the density dependence of the symmetry energy in these calculations is L=38−69 MeV.
4.3 Tension between polarizability and parity-violating elastic electron scattering in 208Pb
While in 48Ca there is fair agreement between the neutron skin thickness and symmetry energy properties derived from the different experiments, the parity-violating elastic electron scattering experiment on 208Pb [18] finds a much larger neutron skin rskin=0.28(7) fm than most other work. Accordingly, an extraction of symmetry energy parameters based on the correlations established in DFT (see Section 2.1) leads to large symmetry energy values of J=38(5) MeV and L=106(37) MeV in contradiction to limits derived from astrophysical observations of neutron star radii and masses as well as the tidal deformability of neutron star mergers [7]. All astrophysical constraints point toward a softer EOS. This has led to speculations about a phase transition at intermediate densities [121].
Because of the strong correlation between rskin and αD for a given nucleus and rskin values of different nuclei in DFT models, Reinhard et al. [116, 122] investigated whether it is possible to construct a DFT interaction capable of simultaneously describing the data for 48Ca and 208Pb. The analysis was based on representative families of non-relativistic and relativistic functionals. The isovector properties of EDFs are typically not well constrained by the input data used to fit the model parameters. As illustrated in Figure 12A for the case of 208Pb, it is possible to vary the symmetry energy parameters—and thereby the predicted rskin and αD—over a fairly large range maintaining comparable description of ground-state properties [116]. Figure 12B [122] demonstrates that the polarizabilities and the neutron skin thickness of 48Ca could be consistently described, but it was impossible to construct an EDF simultaneously accounting for the neutron skin thickness of 208Pb extracted from the PREX experiment [19]. Similar conclusions were drawn in [123, 124]. In another recent attempt [125], a DFT interaction reasonably accounting for the measured parity-violating asymmetries in both the PREX and CREX experiments was constructed, but at the expense of unusual properties of the symmetry energy curvature and a very strong isovector coupling leading to density fluctuations in the nuclear interior.
[image: Chart (A) shows a plot of \(A_{PV}\) in picobarns (ppb) vs. \(\alpha_D\) in femtometers cubed (\(\text{fm}^3\)) for \(^{208}\text{Pb}\), illustrating trends with various model predictions (SV, SAMi, RMF-PC). Chart (B) consists of subplots (a) and (b). Subplot (a) shows \(A_{PV}\) for \(^{208}\text{Pb}\) vs. \(^{48}\text{Ca}\) with different model constraints. Subplot (b) presents \(\alpha_D\) correlations between \(^{48}\text{Ca}\) and \(^{208}\text{Pb}\), highlighting various model extrapolations. Both charts indicate overlapping confidence intervals and model variances using ellipses and points in different colors.]FIGURE 12 | (A) Experimental parity-violating asymmetry versus DP in 208Pb (gray bands) compared to calculations with a set of relativistic (red) and non-relativistic (green) DFT interactions. Sets with systematically varied symmetry energy J are connected by lines. Representative 1σ error ellipses are shown for the interaction indicated by squares. Figure taken from [116], where the original references can be found. (B) Correlation of experimental parity-violating asymmetries (top) and DP (bottom) in 48Ca and 208Pb (gray bands) compared to a set of DFT interactions. Representative 1σ error ellipses are shown for the interaction indicated by squares. Figure taken from [122], where the original references can be found.4.4 Volume and surface contributions to the symmetry energy
Another way of extracting properties of the symmetry energy is a study of the mass dependence of the DP. A simple power law σ−2∝A5/3 based on a model of two interpenetrating fluids has been given by Migdal, where σ−2 denotes the second inverse moment of the photoabsorption cross sections and σ2≃αD in units of mb/MeV ([126] and Refs. therein). A proportionality constant 2.4×10−3 has been determined by Orce [127] from a fit to (γ,xn) data over a wide mass range. Figure 13 [128] shows a comparison with a combined data set of αD measurements in light nuclei [58] with the then-available (2016) data from relativistic Coulomb excitation for heavier nuclei as a green short-dashed line. Note that results for A<12 from [58] are neglected because the hydrodynamical picture is highly questionable and corrections due to the magnetic polarizability are large [71] for these very light nuclei. Results are severely underestimated in lighter nuclei where charged-particle decay dominates. The mass dependence is reasonably described for larger masses, but the proportionality coefficient of [127] is too low because additional contributions from the strength below the neutron threshold, as discussed in Sec. 3.3, must be considered.
[image: Log-log graph showing the relationship between the dipole polarizability (αD) in femtometers cubed and mass number. Multiple curved lines in different colors, including black, red, blue, and green, demonstrate varying trends. Black squares represent data points, showing a general increase in αD with mass number.]FIGURE 13 | Experimental DP for a set of nuclei as a function of mass number (full squares). The green and blue lines are fits with the original Migdal model (Equations 1, 2) in [127]. The black lines are fits of Equation 5 allowing for a surface term of the symmetry energy, including (dashed-dotted) and excluding (full) the data point for 12C. The red line shows a fit with the prediction of [129] using the “μn” approach. Figure taken from [128], where the original references can be found.For masses A≤40, surface contributions must be considered, modifying the volume term of the symmetry energy dominating for heavy nuclei. These can be parameterized as [128]
σ−2=0.0518A2SvA1/3−κmb/MeV.(5)
Here κ=Ss/Sv, and Ss and Sv denote the surface and volume coefficients of the symmetry energy, respectively. The numerical coefficient in Equation 5 is obtained from Migdal’s approach. A fit with Ss,Sv parameters from binding energies of isobaric nuclei [130] shown in Figure 13 as a long-dashed blue line still underestimates the lower-mass data. Parameters of the study of [129] provide a better description (dotted red line). Results of a free fit of Equation 5 crucially depend on the inclusion (dotted-dashed black line) or exclusion (solid black line) of the 12C data point. The latter provides a better fit with Sv=25.6(8) MeV, κ=1.66(5) [128] close to [129]. Sv can be interpreted as J, but measured at about 2/3 of the saturation density [34, 131].
5 CONCLUSION AND OUTLOOK
We present a review of methods to measure the isovector E1 response in nuclei and the extraction of the dipole polarizability from these data. The discussion focuses on recent results obtained with inelastic proton scattering under extreme forward angles at RCNP. At energies of a few hundred MeV, relativistic Coulomb excitation dominates the cross sections in these kinematics. The method combines certain advantages compared to other experimental techniques: 1) it measures the absorption and is thus independent of the knowledge of branching ratios; 2) a separation of E1 and M1 contributions to the cross sections can be achieved with different independent approaches; 3) the relevant excitation energy region from well below the neutron threshold across the IVGDR can be covered in a single experiment.
Constraints on the neutron skin thickness of nuclei and the parameters of the symmetry energy can be extracted from the strong correlations between these three quantities seen in all microscopic models. Results from nuclei covering a mass range between 40Ca and 208Pb consistently favor small neutron skins and a soft density dependence of the EOS around saturation density. In 208Pb serving as a benchmark for theory, this finding is at variance with the PREX results, while a similar study of 48Ca by the CREX collaboration conforms. The PREX result, hard to interpret in the framework of present theory, has led to an initiative (called Mainz radius experiment, or MREX) for a study with improved statistical and systematic errors at the new high-current Mainz energy-recovering superconducting accelerator (MESA) [132].
While the mass dependence of the DP is reasonably well-covered by the available data, future work should explore other degrees of freedom, such as the variation of neutron excess along isotopic chains and the role of deformation. The experimental uncertainties of the DP for key nuclei can be improved by the availability of independent measurements, as illustrated in Figure 6. New high-brilliance LCBS photon beam facilities are under construction at the Extreme Light Infrastructure–Nuclear Physics (ELI-NP) in Bucharest [133, 134] and the Shanghai Laser Electron Gamma Source (SLEGS) at the Shanghai Synchrotron Radiation Facility [135]. Combined with advanced techniques for neutron detection [136], these facilities promise a new quality of precision for (γ,xn) experiments.
Major steps can be expected in the future at radioactive ion beam facilities, providing access to cases with much larger neutron excess than achievable for stable nuclei. Experimental tools for measuring relativistic Coulomb excitation in reverse kinematics are available, and pioneering studies of the dipole response in unstable nuclei have been performed at GSI [25, 26, 27]. First results for the neutron-rich isotope 52Ca investigated at RIKEN have been reported [137]. Because of the high energy/nucleon availability, future experiments at FAIR are particularly promising for research on the dipole polarizability of exotic neutron-rich nuclei [138].
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