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Introduction: We investigate possible correlations between the stiffness of the symmetry energy at saturation density, the so-called [image: image] parameter, and the neutron skin thickness of 48Ca and 208Pb, for which the recent measurements from the CREX and PREX I + II experiments at the Thomas Jefferson Laboratory became available.Methods: We choose an ensemble of nucleonic equations of state (EoS) derived within microscopic (BHF, Variational, AFDMC) and phenomenological (Skyrme, RMF, DD-RMF) approaches. They are all compatible with the laboratory nuclear collisions data and with current observations of neutron stars (NS) mass and the tidal polarizability of a 1.4 [image: image] NS, as deduced from the GW170817 event.Results: We find some degree of correlation between the [image: image] parameter and the neutron skin thickness whereas a much weaker correlation does exist with the tidal polarizability and the symmetry energy at saturation density. However, some EoS which are able to explain the CREX experimental data, are not compatible with the PREX I + II data, and viceversa.Conclusion: We confirm the results previously obtained with a different set of EoS models, and find a possible tension between the experimental data and the current understanding of the nuclear EoS.Keywords: neutron star, equation of state, many-body methods of nuclear matter, neutron skin thickness, CREX, PREX I + II
1 INTRODUCTION
The nuclear symmetry energy plays a major role on the structure of neutron-rich finite nuclei as well as on the bulk properties of neutron stars (Li et al., 2014; Baldo and Burgio, 2016). In the past decades, several laboratory experiments (Russotto et al., 2023) have been performed in order to investigate the symmetry energy in finite nuclei, e.g., measurements of the nuclear masses (Möller et al., 2012), the nuclear dipole polarizability (Roca-Maza et al., 2015), the giant and pygmy dipole resonance energies (Klimkiewicz et al., 2007; Carbone et al., 2010), isobaric analog states (Danielewicz and Lee, 2014), and the neutron skin thickness (Adhikari et al., 2021; 2022). Several neutron stars (NS) properties are sensitive to the symmetry energy, e.g., its internal composition, the crust-core transition density and therefore the crust thickness, and the presence of fast direct URCA neutrino processes which regulate NS cooling (Yakovlev and Pethick, 2004; Burgio et al., 2021).
The symmetry energy is directly related to the more general and comprehensive task of the study of the equation of state (EoS), which plays a major role in nuclear structure studies, analysis of the heavy-ion collision dynamics, and the physics of compact objects (Oertel et al., 2017; Burgio and Fantina, 2018). The central density likely reached in NS interiors is about one order of magnitude larger than the nuclear saturation density, and this poses serious problems in theoretical astrophysics, because a correct theory of nuclear interactions for highly dense matter should be derived from the quantum chromodynamics (QCD). The well-known sign problem of lattice QCD still bars access to the high-density EoS, and therefore, models extracted from the nuclear many-body theory are required in order to build the EoS. Predictions have to be tested both in terrestrial laboratories, and in astrophysical observations. The most promising NS observables are the mass and radius; as far as the masses are regarding, the ones of several NSs are known with good precision (Lattimer, 2012; Demorest et al., 2010; Antoniadis et al., 2013; Fonseca et al., 2016; Cromartie et al., 2019; Romani et al., 2022), while the information on their radii (Özel and Freire, 2016; Guillot et al., 2013) has been improved thanks to the combined observations of NICER (Riley et al., 2019; Miller et al., 2019) and Advanced LIGO and Virgo collaborations, with the detection of gravitational waves emitted during the GW170817 NS merger event (Abbott et al., 2017; Abbott et al., 2018; Abbott et al., 2019). This event has provided us with important new information on the NS mass and radii by means of the measurement of the tidal deformability (Hartle, 1967; Flanagan and Hinderer, 2008), thus deducing upper and lower limits on it (Abbott et al., 2018; Radice et al., 2018). Further constraints on mass and radius have been recently reported by NICER for PSR J1231-1411, having mass [image: image] (Salmi et al., 2024).
In this paper, we concentrate on the study of the neutron skin thickness [image: image] in neutron-rich nuclei, such as 208Pb and 48Ca, which has long been recognized as being strongly dependent on the slope of the symmetry parameter [image: image]. Novel data on 208Pb (PREX-I and PREX-II) (Adhikari et al., 2021) and 48Ca (CREX) (Adhikari et al., 2022) with direct measurements consisting of parity-violating and elastic electron scattering technique (Horowitz et al., 2001), recently became available from the Thomas Jefferson Laboratory. Correlations between the neutron skin thickness, symmetry parameters, and NS observables like the radius of 1.4[image: image] and tidal polarizability have been widely analyzed, see, e.g., (Lattimer, 2023), and references therein.
In our previous paper (Burgio and Vidaña, 2020), we studied those kind of correlations by choosing a set of EoS based on microscopic methods and phenomenological approaches, and discussing their behaviour with respect to the PREX-I experimental data, which were the available ones at that time. Now, we would like to elaborate more on that analysis, taking into account the recent PREX-II (Adhikari et al., 2021) and CREX data (Adhikari et al., 2022). Moreover, we now choose a set of equations of state EoS which are compatible with the NS data on the highest observed mass [image: image] and tidal polarizability of a 1.4 [image: image], [image: image]. This way, we should be able to improve our study on the possible correlations among observational quantities and properties of nuclear matter close to saturation.
The paper is organized as follows. In Section 2 we illustrate some basic properties of the EoS adopted in this work, along with the criteria selection for the choice of the optimal EoS. The laboratory and observational constraints on the nuclear EoS are presented in Section 3. The neutron skin thickness is discussed in Section 4, and conclusions are drawn in Section 5.
2 THE NUCLEAR EQUATION OF STATE
The composition of high density nuclear matter currently represents one of the most intriguing issues in theoretical physics, and several and diverse predictions have been proposed thus far (Burgio et al., 2021). The description of the extreme density conditions can include different scenarios, e.g., a purely nucleonic one characterized by a large neutron-proton asymmetry, or hyperonic matter or a hadron-quark phase transition. All those issues suffer of drawbacks that the current experimental data, either heavy-ion collisions in terrestrial laboratories or NS observations, cannot solve. In this work, we assume that nucleons are the most relevant degrees of freedom.
Theoretical approaches to determine the nuclear EoS are usually classified in microscopic and phenomenological ones. The interested reader is referred to recent reviews (Burgio and Fantina, 2018; Burgio et al., 2021); in this paper, we skip details and summarize the main features of the adopted methods. For the microscopic approaches, we adopt several EoS derived in the Brueckner–Hartree–Fock (BHF) theory (Baldo, 1999), which is based on the use of realistic two- and three-body forces (TBF), derived from meson-exchange theory (Machleidt et al., 1987; Nagels et al., 1978) and describe correctly the nucleonic phase shifts and the properties of the deuteron. For the TBF we use the phenomenological Urbana model (Pudliner et al., 1995; 1997; Baldo et al., 1997), and a microscopic TBF (Grangé et al., 1989; Baldo et al., 1997; Zuo et al., 2002; Li et al., 2008; Li and Schulze, 2008). We adopt as nucleon-nucleon potentials the Bonn B (Machleidt et al., 1987; Machleidt, 1989), the Nijmegen 93 (Nagels et al., 1978; Stoks et al., 1994), and the Argonne [image: image] (Wiringa et al., 1995), which are supplemented by microscopic TBF and labeled in the following as BOB, N93 and V18. The Urbana model has been used with the Argonne [image: image] potential and is labeled as UIX. The explicit inclusion of the quark-gluon degrees of freedom in the construction of a potential model has been performed in Ref. (Baldo and Fukukawa, 2014; Fukukawa et al., 2015), in which case two different EoS versions labeled respectively as FSS2CC and FSS2GC in Table 1 have been obtained. Besides BHF EoS, in this paper we exploit the often-used results of the relativistic Dirac-BHF method (DBHF) (Gross-Boelting et al., 1999), which employs the Bonn A potential, the variational APR EoS (Akmal et al., 1998) based on the [image: image] potential, and the so-called CBF-EI model, obtained within the correlated basis function approach (Benhar and Lovato, 2017), using a realistic nuclear Hamiltonian with the Argonne V6’ (Wiringa and Pieper, 2002) and the Urbana IX nuclear potentials as TBF. For completeness, we also include in our set a parametrization of the Auxiliary Field Diffusion Monte Carlo (AFDMC) calculation (Gandolfi et al., 2010).
TABLE 1 | Saturation properties predicted by the considered EoSs. Experimental nuclear parameters and observational data are listed for comparison. The references in the lower part of the table are labeled as [a] (Margueron et al., 2018); [b] (Shlomo et al., 2006); [c] (Piekarewicz, 2010); [d] (Burgio and Fantina, 2018); [e] (Burgio et al., 2021); [f] (Abbott et al., 2018); and [g] (Cromartie et al., 2019). See text for details.
[image: Table 1]The philosophy of the phenomenological approaches is quite different from the one characterizing microscopic methods. In fact, they are based on effective interactions that are built to describe finite nuclei in their ground state, and therefore, predictions at high isospin asymmetries and density have to be taken with care (Stone and Reinhard, 2007). Among the most used ones, we mention Skyrme interactions (Vautherin and Brink, 1972) and relativistic mean-field (RMF) models (Boguta and Bodmer, 1977). In this work, we use a set of modern Skyrme EoS, which are listed in Table 1; in particular we mention the SLy0-SLy10 (Chabanat, 1995) and SLy230a (Chabanat et al., 1997; 1998) of the Lyon group, and the BSk20, BSk25 and BSk26 of the Brussels group (Potekhin et al., 2013; Goriely et al., 2013), the latter ones being unified EoS constructed on the basis of the energy-density functional theory. A complementary approach is given by RMF models, which are based on effective Lagrangian densities. The interaction between baryons is described in terms of meson exchanges, which are regulated by coupling constants of nucleons with mesons, and are usually fixed by fitting the bulk properties of nuclear matter as well as masses and radii of finite nuclei. In this work, we consider two types of RMF models: models with density-dependent coupling constants labeled DD-RMF (Nikšić et al., 2002; Typel and Wolter, 1999; Xia et al., 2022) and RMF models with fixed coupling strength (Mondal et al., 2016; Fattoyev et al., 2020; Das et al., 2021; Dhiman et al., 2007; Chen and Piekarewicz, 2015; Kumar et al., 2006; Sulaksono and Mart, 2006; Fattoyev and Piekarewicz, 2010; Kumar et al., 2017; Kumar et al., 2018; Routaray et al., 2023).
The main properties of the chosen EoS at saturation density are listed in Table 1. We notice that, whereas the saturation properties of the phenomenological models are within the empirical range, some microscopic EoS are marginally compatible with it. The reason is that the parameters of the phenomenological models are fitted on the saturation properties, while they are a prediction in the case of microscopic calculations, and those depend both on the many-body approach and the choice of the employed forces. For instance, the V18 EoS predicts a slightly too low saturation energy [image: image] and compressibility [image: image], which is mainly due to the inclusion of a particular TBF (Li et al., 2008). We stress that a complete ab-initio theory of TBF is not available yet.
For completeness, we remind that the above mentioned methods are suited for describing the homogeneous component of the nuclear matter EoS, and that at densities [image: image], clusters have to be included for the description of the NS crust. For that, we use the well-known Negele-Vautherin EoS (Negele and Vautherin, 1973) in the density range [image: image], and the ones by Baym-Pethick-Sutherland (Baym et al., 1971) and Feynman-Metropolis-Teller (Feynman et al., 1949) for densities [image: image] typical of the outer crust.
2.1 Criteria for the selection of the EoS
The most important criterium for selecting the EoS is to check its behaviour with respect to the saturation properties of nuclear matter. In fact, around saturation density [image: image] and isospin asymmetry [image: image] [being [image: image] the number of protons (neutrons)], the energy per particle of asymmetric nuclear matter [image: image] see Equations 1–3 can be expanded as a function of density and isospin asymmetry, and the coefficients are given by a set of few isoscalar [image: image] and isovector [image: image] parameters (see Equations 4–7), which can be constrained by nuclear experiments. The expansion reads.
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where [image: image], [image: image] is the energy per particle of symmetric nuclear matter (SNM) at [image: image], [image: image] the incompressibility and [image: image] is the symmetry energy coefficient at saturation, defined as
[image: image]
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The density dependence of the symmetry energy around saturation is characterized by the parameters [image: image] and [image: image], which are expressed as.
[image: image]
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In Table 1, we list the saturation properties of the various considered EoSs, and compare them with available experimental data. Measurements of nuclear masses (Audi et al., 2003) and density distributions (de Vries et al., 1987) yield the saturation point [image: image] MeV and [image: image] [image: image], whereas the value of [image: image] can be extracted from the analysis of isoscalar giant monopole resonances in heavy nuclei, reporting [image: image] MeV (Colò et al., 2004) or [image: image] MeV (Piekarewicz, 2004), in agreement with the low value of [image: image] found in heavy ion collision experiments (Fuchs et al., 2001). We also notice that, whereas [image: image] is more or less well established ([image: image] MeV), the values of [image: image] [image: image], is still quite uncertain (Reed, B. T., Fattoyev, F. J., Horowitz, C. J., and Piekarewicz, J., 2021; Essick et al., 2021; Lattimer, 2023). Also [image: image] [image: image] is poorly constrained (Tews et al., 2017; Zhang et al., 2017).
Besides the laboratory data, we also exploit astrophysical observation of NS. A very important constraint to be fulfilled by the different EoS is the value of the maximum NS mass, which has to be compatible with the observational data (Demorest et al., 2010; Antoniadis et al., 2013; Fonseca et al., 2016), in particular, the recent lower limit [image: image] (Cromartie et al., 2019). The GW detection by Advanced LIGO and Advanced Virgo (Abbott et al., 2017; Abbott et al, 2018; Abbott et al., 2019) of the GW170817 event put strong constraints on the so-called tidal polarizability [image: image] (Hinderer, 2008; Hinder, 2009; Hinderer et al., 2010), which is strongly influenced by the EoS. The GW170817 analysis for a [image: image] NS (Abbott et al., 2017) gave an upper limit of [image: image], which was later improved to [image: image] (Abbott et al., 2018).
From Table 1, we notice that most of the adopted EoSs in this work are compatible with the nuclear empirical values, the NS maximum mass, and the tidal deformability of a 1.4 [image: image] NS. We, therefore, consider this set of EoSs for the analysis of the neutron skin thickness, which is discussed in the following Section 4.
3 CONSTRAINTS ON THE NUCLEAR EOS
An important check for the EoS is the behaviour of the symmetry energy slope [image: image] vs. [image: image], and this is plotted in Figure 1. The full green triangles represent the microscopic calculations (left panel), whereas the phenomenological ones are shown in the right panel. The experimental constraints indicate those derived from the study of isospin diffusion in heavy ion collisions (HIC, blue band) (Tsang et al., 2009); the electric dipole polarizability (violet band) (Roca-Maza et al., 2015); the neutron skin thickness in Sn isotopes (orange band) (Chen et al., 2010); the finite-range droplet mass model calculations (FRDM, magenta rectangle) (Möller et al., 2012); the isobaric analog state (IAS) phenomenology combined with the 208Pb neutron-skin thickness (green band) (Danielewicz and Lee, 2014); the recent analysis of the PREX-II experiment (black cross) (Essick et al., 2021). The blue solid curve is the unitary gas bound (Tews et al., 2017): only values of [image: image] to the right of the curve are allowed. We see that all considered constraints are not simultaneously fulfilled in any area of the parameter space, probably because of the strong model dependencies in the extraction of the constraints from the raw data. Hence, at the moment, no theoretical models can be ruled out a priori, except those which are predicting values of the symmetry energy parameters outside the considered range.
[image: Figure 1]FIGURE 1 | Symmetry energy slope [image: image] vs. the symmetry energy at saturation [image: image]. See text for details on the experimental data.
A further important check regards the high-density behaviour of the nuclear symmetry energy, as illustrated in Ref. (Russotto et al., 2023). In the last few years several heavy-ion collisions experiments at relativistic energies have been performed in order to constrain the high-density symmetry energy. Figure 2 displays the ASY-EOS data (Russotto et al., 2016) (blue band) and the FOPI-LAND ones (Russotto et al., 2011) (light green band) as a function of the density, HIC (Sn + Sn) diffuseness measurements (Tsang et al., 2009) (grey band), whereas the red dashed contour labeled by IAS shows the results of Ref. (Danielewicz and Lee, 2014). For completeness, we also display the results of a Bayesian analysis (Tsang et al., 2024) which determines the boundaries at 68% (dark pink) and 95% confidence intervals (light pink) of the posterior distributions using an initial sample size of 3M of EoS. The experimental data are plotted up to [image: image], and they all show a monotonically increasing behaviour with increasing density. In the four panels the symmetry energy is plotted vs. the nucleonic density for the microscopic models (upper left), for some of the Skyrme models (upper right), RMF models (lower left), and DD-RMF models (lower right) listed in Table 1. Except a couple of cases, i.e., BSk26 and SLy10, all EoS agree with the experimental data and the Bayesian analysis, thus confirming the need of more accurate experiments in order to disentangle the various theoretical approaches.
[image: Figure 2]FIGURE 2 | Symmetry energy vs. the nucleon density [image: image]. See text for details.
4 THE NEUTRON SKIN THICKNESS
The strong correlation between the neutron skin thickness and the slope parameter [image: image] at normal nuclear saturation density was shown first by Brown and Typel (Brown, 2000; Typel and Brown, 2001), and confirmed later by other authors (Steiner et al., 2005; Centelles et al., 2009; Horowitz and Piekarewicz, 2001; Horowitz et al., 2001; Furnstahl, 2002). A measurement of the thickness allows to establish an empirical calibration point for the pressure of neutron star matter at subnuclear densities, and coupled with a NS radius measurement could determine the pressure at supranuclear densities. In fact, the neutron skin thickness and the NS size originate both from the pressure of neutron-rich matter, hence are sensitive to the same EoS. Therefore, the Typel-Brown correlation would be helpful in establishing the pressure–density relationship over a wide range of densities inside neutron stars.
The neutron skin thickness can be defined as the difference between the neutron [image: image] and proton [image: image] root-mean-square radii: [image: image]. Since the microscopic approaches discussed before are not suited for the description of finite nuclei, we prefer to use a different approach based on Ref. (Vidaña et al., 2009), in which an estimation of the neutron skin thickness of 208Pb and 132Sn was made following the suggestion of Ref. (Steiner et al., 2005). In this case [image: image] is calculated to lowest order in the diffuseness corrections as [image: image], being [image: image] the thickness of semi-infinite asymmetric nuclear matter
[image: image]
In that expression, [image: image] is the surface energy taken from the semi-empirical mass formula equal to 17.23 MeV, [image: image] is obtained from the normalization condition [image: image], and [image: image] is the isospin asymmetry in the center of the nucleus taken as [image: image] according to Thomas-Fermi calculations. For consistency, we use this same method also for calculating the thickness in the phenomenological approaches. In Figure 3, we show the results of our calculations and compare them with experimental bands regarding CREX (left panel, magenta) and PREX I + II (right panel, cyan). Those experiments yield for PREX I + II a neutron skin thickness [image: image], whereas the measurement of the neutron skin of 48Ca with the same technique gives smaller values, i.e., [image: image], thus pushing [image: image] towards larger or smaller values respectively. Data are shown as a function of the parameter [image: image]. The linear increase of [image: image]R with [image: image] is not surprising because the neutron skin thickness in heavy nuclei is determined by the pressure difference between neutrons and protons, and this is proportional to the parameter [image: image], that is, [image: image]. We notice that the theoretical predictions show some correlation between [image: image] and [image: image], as indicated by the linear fits (solid line) and by the value of the correlation coefficient, [image: image], in both cases. This is slightly smaller than the previous result shown in ref. (Burgio and Vidaña, 2020), where the chosen EoS set was not filtered with respect to the NS observational data. It has to be noticed that, in both cases, the microscopic calculations alone seem to lie on a curve with a slope different than the one of the phenomenological calculations. However, due to the small number of points available for the microscopic approaches, no firm conclusion can be drawn. We also notice that the same EoS is unable to reproduce both the CREX and PREX I + II data; for instance, among the microscopic approaches, the CREX data set is well reproduced by the FSS2CC, V18, and CBF-EI models, whereas DBHF, BOB, and UIX fall in the range of PREX I + II. Those EoS differ not only by the many-body technique adopted, but also by the nucleon-nucleon interaction. A similar behavior can also be found for the phenomenological models such as Rs, SkT4, BSR8, and GL97 respectively. This might indicate a possible tension between the experimental data and the current understanding of the EoS. Though, it has to be stressed that the present calculations of the neutron skin thickness are based on the concept of semi-infinite nuclear matter (see Equation 8), which could be inappropriate. However, a similar result has already been found in other works, using suitable methods for finite nuclei (Lattimer, 2023). Further laboratory experiments on medium size nuclei, or a re-analysis of the current data could help to clarify this point.
[image: Figure 3]FIGURE 3 | The neutron skin thickness for 48Ca (left panel) and 208Pb (right panel) is displayed as a function of [image: image] for the different EoS present in Table 1. The bands show the experimental constraints discussed in ref. (Adhikari et al., 2021; Adhikari et al., 2022). The solid lines indicate a linear fit of the EoS data. The values of the corresponding correlation factors [image: image] are also given.
Finally, in Figure 4, we display a correlation matrix among the saturation properties shown in Table 1, with [image: image], [image: image] and the neutron skin thickness for 48Ca and 208Pb. The matrix confirms the weak correlation of [image: image] with the [image: image] parameter already shown in Figure 3. A weaker degree of correlation is found between [image: image] and [image: image] (r = 0.55), whereas no evident correlation between [image: image] and [image: image] and [image: image] is found.
[image: Figure 4]FIGURE 4 | The correlation matrix between nuclear saturation properties and NS properties for the EoS ensemble shown in Table 1.
5 CONCLUSIONS
In this work, we have analyzed the predictions of microscopic and phenomenological EoS for the neutron skin thickness [image: image] of 48Ca and 208Pb, and compared with the recent experimental data, CREX and PREX I + II. We have used an ensemble of different EoS models, that includes microscopic calculations based on the (Dirac)Brueckner–Hartree–Fock theory, the variational method, and Quantum Monte Carlo techniques, as well as several phenomenological Skyrme, and RMF models. The chosen EoSs are compatible with the constraints imposed by laboratory data on saturation properties of finite nuclei, and observational data by NICER and GW170817 regarding the NS mass and [image: image].
We have found a linear correlation between the neutron skin thickness [image: image] of 48Ca and 208Pb and the [image: image] parameter, as already pointed out by several authors using nonrelativistic and relativistic phenomenological models. A weaker linear correlation with the tidal deformability [image: image] is evident.
The most important result of our analysis is that the same EoS cannot reproduce at the same time the CREX and PREX I + II experimental data. Therefore, those measurements do not allow us to select the most compatible EoS among the ones considered in this work. Future NS observations, along with planned experiments in existing facilities or in next-generation radioactive ion beam laboratories, are fundamental to provide more stringent constraints on the nuclear EoS, thus finally improving our knowledge of the extreme density matter conditions.
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AFDMC 0.160 1600 239 3130 60.00 256 220

Skyrme Rs 0.158 1505 248 3083 86.41 910 227
SGI 0.155 1589 265 2835 63.85 714 231
SLyo 0.160 1601 226 3140 4537 315 206
Siyl 0161 1598 233 3259 48.88 314 206
sLy2 0.161 1592 235 3239 48.84 318 206
SLy3 0.161 15.96 233 3212 45.56 295 205
Slyd 0.160 1597 232 3185 4538 309 206
SLys 0.161 15.98 232 3270 50.34 328 207
SLy6 0159 1592 230 3121 4521 334 209
SLy7 0.159 15.90 233 3241 4811 337 209
SLys 0.161 1596 233 3251 45.36 316 206
SLy9 0151 1579 29 3212 55.37 513 223

SLylo 0.156 1590 232 3219 3924 262 204
SLy230a 0.160 15.98 230 3188 43.99 340 216
Ski4 0.160 1615 239 2038 59.34 581 229
SkMP 0.157 1557 230 20.70 69.70 666 219
kO 0.161 1578 228 3219 79.92 656 210
ko' 0.160 1573 22 3210 69.68 465 200
kT4 0.159 1595 235 3523 93.48 919 223
kTS 0164 1599 201 37.60 1003 807 208
BSk20 0.160 1604 241 3000 37.40 328 218
BSk25 0158 1599 236 29.00 36.90 545 222
BSk26 0159 1603 240 3000 37.50 332 218
RMF SINPA 0151 1600 204 3124 54.01 586 200
SINPB 0.150 1604 206 33.92 7147 623 199
GL97 0.152 15.56 226 3210 88.55 600 200
BigApple 0155 1634 226 3133 39.88 796 262
BSRS 0.148 1604 233 3119 60.60 792 205
BSR9 0.148 16.07 234 31.68 64.07 793 204
FSUGarnet 0153 1623 229 3089 53.85 740 212
FSUGZ03 0148 1607 234 3161 64.17 794 204
G2 0153 1595 213 3029 69.43 692 205
UFSU 0.160 1670 241 3188 4957 602 200
G3 0.148 1602 244 3020 4534 461 200
10PB-1 0.149 16.10 m 33.30 63.54 681 215
NITR 0.155 1632 224 3151 4346 683 236

DD-RMF DD 0.148 1650 239 3258 5873 750 243

DD2 0.148 1602 240 3203 58.00 753 244
DD-ME1 0152 1623 25 3413 58.38 704 246
DD-ME2 0152 1614 251 3339 5425 766 250

TW-99 0.152 16.10 239 33.18 58.40 446 2.10
Exp. ~0.14-0.17 ~15-17 220-260 28.5-349 30-87 70 - 580 >2.147040
Ref. [al [al [b], [e] (d], [e] [d], [e] [f] [gl
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