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Radius of hypertriton from total reaction cross section 

• Production and reactions of  in 12C+12C collisions 

• Two targets with different thickness 

• New detector: TPC in GLAD to track   

• Aim: determine  halo of  and its binding energy
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R3B - Phase-0 Remaining program 2024/2025 
SRC in (p,pd) reactions, Radius of Hypertriton

New method to study SRC in unstable nuclei in (p,pd) reactions 

• Knockout of correlated n-p pair 
(10% of deuteron w.f. corresponds to SRC pairs) 

• Exclusive measurement: scattered proton- deuteron,  
fragment, gamma-rays 

• Aim: n-p SRC as a function of neutron excess  
        along isotopic chains

A final ingredient to be considered is that of absorption of the scattered p,d in the reaction which 
increases for heavier nuclei. When including this effect (calculations by C. Bertulani) we obtain the 
results shown in Figure 3(b).  It seems clear that the substantial change in the QFS (p,pd) cross section 
along the C isotopic chain relative to 12C,  provides a sensitive tool that can probe directly  the admixture 
of NN correlated components in the ground state wave function of atomic nuclei and its dependence 
with isospin. 

  
(a)                                                                                 (b) 

 
Figure 3: (a) Ratio of the cross section to quasi-elastically knockout a deuteron from the ground state of 
10,14,16,18,20C isotopes relative to 12C if a proton quenching factor due to SRC is considered (SRC) or not (no 
SRC)  (based on our work [Pa20]). (b) Same as (a) but including absorption. The shaded area reflects the 
uncertainty in the slope BC#$%& = 2.8 ± 0.7 in Equation 2. 

 

A full understanding of nuclear SRCs and its isospin dependence is pivotal for studies of compact objects 
like neutron stars and of the nuclear equation of state. Experimental programmes where one partner 
of the SRC pair is quasi-elastically knocked out and the SRC partner flies out at opposite angles (in the 
centre-of-mass (CM) frame) have been extensively used with electroweak (e,e’pn) and hadronic (p,2pn) 
probes to study the properties of SRCs with stable nuclei as targets, see, e.g., [Pi06, Su08, He14]. 
However, in order to extend the studies to exotic nuclei with large isospin asymmetry, new approaches 
are required. One way is to apply the (p,2pn) reaction in inverse kinematics with radioactive beams, 
something that the R3B collaboration has indeed initiated with the first experiment to have taken place 
in spring 2022 (experiment S522 [Co20]). This approach requires the simultaneous detection of four 
outgoing particles in the final state and in a momentum transfer region where the cross section is small; 
this poses certain experimental challenges. This proposal puts forward a compelling and 
complementary approach for studying the isospin dependence of SRCs through (p,pd) quasi-free 
scattering reactions.  

Indeed, the results from the S522 experiment on the (p,2pn) channel from 12C and 16C, the two nuclei 
the S522 experiment probed, combined with the results from the proposed experiment on the (p,pd) 
channel can give a complete picture of the strength of SRCs in asymmetric nuclei. A consistent 
understanding of different probes and observables will solidify our current understanding of the nature 
of SRCs in nuclei. 
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Towards R3B in HEC for FAIR Early Science

2025 - Phase-0 Short-range correlations carbon isotopes: AC(p,pd) 
2025 - Phase-0 Hypertriton radius, decommissioning, move of GLAD to FAIR 
2026 - ASY-EOS in Cave C; start installation of R3B at HEC 
2027 - installation, first commissioning beams 
2028 - extended commissioning and start early science program

Continuation of detector construction: 
- NeuLAND: BMBF application for 3 NeuLAND double planes (TU Darmstadt, U Köln) 
- CALIFA:  completion of acceptance with backward crystals (BMBF application, TUDa) 
- Target recoil detector: Si tracker based on ALPIDE sensors 
- Active target ACTAF: commissioning and first measurements 2025 at CERN 
- Proton-arm spectrometer PAS (Russian in-kind contribution):  

     TDR with fiber-based solution in preparation (GSI)
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Procedure to define Early/First Science program

R3B internal call for Letters of Intent 

(Still some more to be expected) 

R3B writing team (part of NUSTAR writing team) prepares document describing 
the envisaged science  program for the first years at FAIR 

Ordering according to complexity and readiness of detection devices
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Early and First Science Program

Comprehensive program to constrain symmetry-energy 
Symmetry energy and neutron skin

• strong linear
correlation between 
neutron-skin thickness 
and parameters (J, L)
S. Typel and B.A. Brown,   
Phys. Rev. C 64 (2001) 
027302

	 3	

 
Figure 1. Upper left: The neutron-skin thickness ∆rnp of 208Pb vs. the derivative of the neutron EOS ∂E(ρ)/∂ρ at ρ=0.1/fm3. 
The correlation between both quantities is emphasized by a linear fit. The calculations [BTy00] are based on Skyrme 
interactions (closed symbols) and relativistic mean-field models (open symbols). Upper right: The neutron-skin thickness in 
208Pb vs. the slope parameter L calculated for different non-relativistic (open circles) and relativistic (open diamonds) 
models. The figure is taken from [Roc11]. Lower left: Correlation between the asymmetry APV to be measured in the PREX 
experiment vs. the neutron-skin thickness calculated in the same mean-field approaches as above. The targeted precision of 
the PREX experiment is indicated by the green bars in the latter two figures. Lower right: Correlation of the dipole 
polarizability aD for two different nuclei as predicted by various Skyrme and relativistic interactions. The yellow bands 
indicate the measured polarizabilities with their uncertainties for these nuclei. The measurement for the neutron-rich short-
lived nucleus 68Ni has been performed at GSI with the precursor setup of R3B. Figures are taken from [Bty00,Roc11,Roc15]. 
 
In recent years, two nuclear observables have been identified to potentially provide much better 
constraints on L if accurately determined. These are the neutron-skin thickness of neutron-rich nuclei 
and the ground-state dipole polarizability. The correlation between the neutron-skin thickness and 
properties of the neutron equation of state has first been pointed out and quantified by Brown and 
Typel [BTy00], see upper left frame in Figure 1. A clear correlation between the derivative of the 
neutron equation of state close to saturation density and the neutron-skin thickness of 208Pb calculated 
with Skyrme interactions (closed symbols) and relativistic mean-field models (open symbols) is 
visible. This implies that a precise determination of the skin thickness would provide constraints on 
the density dependence of the neutron equation of state or, equivalently, on the slope parameter L of 
the symmetry energy. A similar correlation is observed with the dipole polarizability as pointed out 
first by Reinhard and Nazarewicz [RNa10]. First measurements of this observable have been 
performed at RCNP in Osaka for stable nuclei. The most precise value so far has been extracted for 
the nucleus 208Pb, where the measurements at RCNP were analysed together with the world data set 
[Tam11]. The result is shown in the lower right frame of Figure 1 together with the result from a first 
measurement for a short-lived neutron-rich nucleus performed with the R3B precursor setup at GSI 
[Ros13]. In the same plot, the results from different mean-field theories are shown. The experimental 
data consistently select a region of energy density functionals predicting correct values for the 
polarizability for both nuclei. The corresponding range of the symmetry energy slope L lies between 
20 and 66 MeV according to the analysis by Roca-Maza et al. [Roc15]. As soon as the detection 
systems CALIFA and NeuLAND are completed, R3B will start a program to measure this quantity 
with better than 5% uncertainty for neutron-rich nuclei, thus reaching the precision achieved for stable 
nuclei.  

X. ROCA-MAZA et al. PHYSICAL REVIEW C 92, 064304 (2015)
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FIG. 3. (Color online) (a) The product αDJ in 208Pb against the same product in 68Ni and 120Sn; in both cases the resulting correlation
coefficients are exceptionally high (r =0.99). The deduced linear fits give αD(208Pb)J = (16 ± 2) + (4.7 ± 0.1)αD(68Ni)J and αD(208Pb)J =
(−42 ± 4) + (2.4 ± 0.1)αD(120Sn)J . (b) Same as for panel (a) but for the pair 120Sn -68Ni with a correlation coefficient of r = 0.98. The linear
fit gives αD(120Sn)J = (16 ± 2) + (2.1 ± 0.1)αD(68Ni)J .

number of nuclei is within reach—the need for an accurate de-
termination of J is pressing. Thus, in the following we explore
the possibility of constraining J , L, and "rnp by comparing
the theoretical results to the measured values of the electric
dipole polarizability in 68Ni, 120Sn, and 208Pb. Further, these
constraints are exploited later so that bona fide theoretical
predictions are provided for the electric dipole polarizabil-
ity of 48Ca and 90Zr, both currently under experimental
consideration.

Although scaling αD by J yields a dramatic improvement
in its correlation to "rnp (see Fig. 1), the impact of such scaling
in correlating αD in two different nuclei is far less dramatic.
That is, it is possible to estimate the neutron skin thicknesses
of 68Ni, 120Sn, and 208Pb without invoking the empirical
value of the symmetry energy J . To do so, we identify the
subset of accurately calibrated EDFs—out of the large set
that we have been employing so far—that simultaneously
reproduce the electric dipole polarizability in 68Ni, 120Sn,
and 208Pb. These EDFs, which in addition to the electric
dipole polarizability reproduce ground-state properties over

the entire nuclear chart, provide definite predictions for the
neutron skin thickness of the three nuclei, as well as for
the two fundamental parameters of the symmetry energy: J
and L. This approach—now widely adopted by the theoretical
community—is reminiscent of a philosophy first proposed by
Blaizot and collaborators, who advocate a purely microscopic
approach for the extraction of nuclear matter parameters (e.g.,
compression modulus) from the dynamics of giant resonances
(i.e., the nuclear breathing mode) [54]. While the merit of
macroscopic formulas for obtaining qualitative information is
unquestionable, the field has attained a level of maturity that
demands stricter standards: It is now expected that microscopic
models predict simultaneously the strength distribution as well
as the properties of nuclear matter.

We display in Figs. 4(a) and 4(b) the electric dipole
polarizability of 208Pb versus those of 68Ni and 120Sn,
predicted by the RPA calculation with the set of EDFs used
in this work. From the two panels it is seen that αD in 208Pb
remains strongly correlated to αD in both 68Ni and 120Sn,
although the correlation weakens slightly by removing the
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FIG. 4. (Color online) Comparison of the theoretical results for the dipole polarizability with the experimental data. (a) 68Ni (3.88 ±
0.31 fm3) and 208Pb (19.6 ± 0.6 fm3, taking into account the subtraction of the quasideuteron excitations 0.51 ± 0.15 fm3). The linear fit gives
αD(208Pb) = (−0.5 ± 0.5) + (5.0 ± 0.2)αD(68Ni) and a correlation coefficient r = 0.96. (b) 120Sn (8.59 ± 0.37 fm3, taking into account the
subtraction of the quasideuteron excitations 0.34 ± 0.08 fm3) and 208Pb. The linear fit gives αD(208Pb) = (0.1 ± 0.5) + (2.2 ± 0.1)αD(120Sn)
and a correlation coefficient r = 0.96. The symbols that are circled in red (gray) correspond to the models that are compatible with experiments
on the dipole polarizability in 68Ni, 120Sn, and 208Pb.
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repeat the same type of analysis using the actual APV

instead of our test value. We also plot in Fig. 1 the con-
fidence band of the regression (boundary of the possible
straight lines) and the so-called prediction band (the wider
band that basically coincides with the envelope of the
models in the figure) at 95% confidence level [27].

While one first thinks of using a PREX extraction of rn
to constrain !rnp of 208Pb, we show in Fig. 2 that APV and
!rnp have themselves a very high linear dependence (the
correlation coefficient is 0.995). The small fluctuation of
APV with the charge density is more effectively removed by
analyzing APV vs rn ! rp. Actually, the correlation of APV

and!rnp is implicit in the BA. That is, expanding Eq. (2) at
q ! 0 yields FnðqÞ=FpðqÞ!1!ðrnþrpÞðrn!rpÞq2=6,
which is driven by rn ! rp (rn þ rp ’ 11:1 fm changes
by less than 3% in the models). Though Coulomb distor-
tions correct APV by more than 30%–40%, the correlation
prevails in the DWBA result. One sees in Fig. 2 that any
nuclear model accurately calibrated to masses and charge
radii nearly falls on the best-fit line and that the confidence
band of the regression is very narrow. Looking at Fig. 1, it
can be realized that different models, similarly successful
for the well-known observables, can give the same APV

with different rn (cf. MSkA, BCP, and SkM*; Sk-Rs, Ska,
and FSUGold; SkI5 and G2), but almost the same !rnp are
obtained with these forces. That the prediction band of the
regression is wider horizontally in Fig. 1 than in Fig. 2
points to the same fact. Thus, one expects more accurate
estimates of neutron observables using the correlation of
Fig. 2. Having found !rnp, one can get rn by unfolding
the finite size of the proton charge from the accurate
208Pb charge radius [12]. We note that our analysis allows
one to deduce!rnp and rn from APV without assuming any

particular shape for the nucleon density profiles.
Altogether, we believe our results firmly back the commis-
sioning of an improved PREX run where APV can be
measured more accurately. The present method will permit
one to retain in !rnp and rn most of the experiment’s
accuracy. As recently proposed [26], if rn is first precisely
known, then a second measurement can be made at higher
energy to constrain the surface thickness of the neutron
density of 208Pb.
The correlation of APV with !rnp is universal in the

realm of mean field theory as it is based on widely different
nuclear functionals. It is of interest to get further indica-
tions on it by looking at existing experiments. The 208Pb
neutron densities found via proton elastic scattering at
0.8 GeV in [2] and 0.3 GeV in [3] were both deduced
from the data in a way consistent with the experimental
charge density of 208Pb (known by electron elastic scatter-
ing). We computed APV using the neutron and charge
densities quoted in these works and plotted the results in
Fig. 2 against the central !rnp value of each experiment
(0.14 fm in [2] and 0.21 fm in [3]). We did the same with
the data deduced from the antiprotonic 208Pb atom [5] (now
using the Fermi nucleon densities of Table VI of [5]). It is
seen that the theoretical correlation of the models nicely
agrees with these points. Our test value APV ¼ 0:715 ppm
of 3% accuracy from PREX would give !rnp as 0:195&
0:057 fm (see Fig. 2). As reviewed in [11], we may recall
that the recent constraints from strong probes, isospin
diffusion, and pygmy dipole resonances favor a range
0.15–0.22 fm for the central value of !rnp (208Pb).
Recent information on the nuclear equation of state derived
from observed masses and radii of neutron stars suggests a
similar range 0.14–0.20 fm [24,28].
Finally, we analyze how PREX can constrain the density

dependence of the nuclear symmetry energy Esymð!Þ
around normal density !0, which is characterized by the
slope coefficient L ¼ 3!0@Esymð!Þ=@!j!0

in the literature
[17–21]. A larger L value implies a higher pressure in
neutron matter and a thicker neutron skin in 208Pb.
Interest in L permeates many areas of active research,
such as the structure and the reactions of neutron-rich
nuclei [15–21], the physics of neutron stars [22–24], and
events like giant flares [29] and gravitational radiation
from neutron stars [30]. The available empirical estimates
span a rather loose range 30 & L & 110 MeV, with the
recent constraints seemingly agreeing on a value around
L' 60 MeV with &25 MeV spread [17–21]. A micro-
scopic calculation with realistic nucleon-nucleon poten-
tials and three-body forces predicts L ¼ 66:5 MeV [31].
Figure 3 displays the correlation between !rnp (208Pb)
and L [17–19] in the present analysis. Imposing the
previous constraint !rnp ¼ 0:195& 0:057 fm yields
L¼64&39MeV. While the central value depends on
our test assumption APV ¼ 0:715 ppm, the spread follow-
ing from a determination of APV to 3% accuracy essentially
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does not. Then, we have to conclude that a 3% accuracy in
APV sets modest constraints on L, implying that some of
the expectations that this measurement will constrain L
precisely may have to be revised to some extent. To narrow
down L, though demanding more experimental effort, a
!1% measurement of APV should be sought ultimately in
PREX. Our approach can support it to yield a new accuracy
near !!rnp ! 0:02 fm and !L! 10 MeV, well below any
previous constraint. Moreover, PREX is unique in that the
central value of !rnp and L follows from a probe largely
free of strong force uncertainties.

In summary, PREX ought to be instrumental to pave the
way for electroweak studies of neutron densities in heavy
nuclei [9,10,26]. To accurately extract the neutron radius
and skin of 208Pb from the experiment requires a precise
connection between the parity-violating asymmetry APV

and these properties. We investigated parity-violating elec-
tron scattering in nuclear models constrained by available
laboratory data to support this extraction without specific
assumptions on the shape of the nucleon densities. We
demonstrated a linear correlation, universal in the mean
field framework, between APV and!rnp that has very small
scatter. Because of its high quality, it will not spoil the
experimental accuracy even in improved measurements of
APV. With a 1% measurement of APV it can allow one to
constrain the slope L of the symmetry energy to near a
novel 10 MeV level. A mostly model-independent deter-
mination of !rnp of 208Pb and L should have enduring
impact on a variety of fields, including atomic parity
nonconservation and low-energy tests of the standard
model [8,9,32].

We thank G. Colò, A. Polls, P. Schuck, and E. Vives
for valuable discussions, H. Liang for the densities of
the RHF-PK and PC-PK models, and K. Kumar for infor-
mation on PREX kinematics. Work supported by the
Consolider Ingenio Programme CPAN CSD2007 00042

and Grants No. FIS2008-01661 from MEC and FEDER,
No. 2009SGR-1289 from Generalitat de Catalunya, and
No. N N202 231137 from Polish MNiSW.
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CHAPTER 1. INTRODUCTION
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Figure 1.3: Left: The neutron-skin thickness�rnp in 208Pb vs. the derivative of the neutron EoS

@En(⇢n)/@⇢n at ⇢ = 0.1 1
fm3 . The correlation between both quantities is emphasized by a linear

fit. The calculations [Bro00, Typ01] are based on Skyrme interactions (closed symbols) and

relativistic mean-field models (open symbols). Right: The neutron-skin thickness in 208Pb vs.

the slope parameter L calculated for di↵erent nonrelativistic (open circles) and relativistic (open

diamonds) models. The figure is taken from [Roc11] and results of the DD2 model [Typ14] (red

diamonds) were added with kind permission of the author. The American Physical Society.

A linear correlation between the derivative of the neutron EoS and the neutron-skin thick-

ness was pointed out for the first time by Brown [Bro00], using a large number of di↵erent

Skyrme interactions. The neutron-skin thickness in 208Pb vs. the derivative of the neutron

EoS @En(⇢n)/@⇢n at ⇢ = 0.1 1
fm3 is represented by filled circles in the left panel of Figure 1.3.

Relativistic mean-field calculations presented by Typel and Brown [Typ01] follow this trend

(open circles), but most of the models lead to a larger neutron radius.

A more recent analysis by Roca-Maza [Roc11] includes more interaction models. The neutron-

skin thickness in 208Pb vs. the slope Parameter L is presented in the right panel of Figure 1.3.

Results obtained from Skyrme interactions and relativistic mean-field models are represented

by open circles and diamonds respectively. Early versions of relativistic mean-field approaches,

such as the di↵erent NL models (see, e.g., [Dut14]), predict large values for L. This behavior

changes drastically when density dependent meson-nucleon couplings are included. The models

DD-ME [Nik02,Lal05], for instance, predict a slope parameter of approximately 55MeV. Red

diamonds were added with kind permission of the author and correspond to di↵erent parame-

terizations of the relativistic mean-field model with density dependent meson-nucleon couplings

DD2 [Typ14] that is used in the present study, and discussed in Chapter 3.

Based on the obvious relation in Figure 1.3, measurements of the neutron skin-thickness would

provide a unique test of quality for nuclear interaction models or, in other words, a method to

constrain the symmetry-energy slope parameter. However, the extraction of this quantity is not
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Figure 1. Upper left: The neutron-skin thickness ∆rnp of 208Pb vs. the derivative of the neutron EOS ∂E(ρ)/∂ρ at ρ=0.1/fm3. 
The correlation between both quantities is emphasized by a linear fit. The calculations [BTy00] are based on Skyrme 
interactions (closed symbols) and relativistic mean-field models (open symbols). Upper right: The neutron-skin thickness in 
208Pb vs. the slope parameter L calculated for different non-relativistic (open circles) and relativistic (open diamonds) 
models. The figure is taken from [Roc11]. Lower left: Correlation between the asymmetry APV to be measured in the PREX 
experiment vs. the neutron-skin thickness calculated in the same mean-field approaches as above. The targeted precision of 
the PREX experiment is indicated by the green bars in the latter two figures. Lower right: Correlation of the dipole 
polarizability aD for two different nuclei as predicted by various Skyrme and relativistic interactions. The yellow bands 
indicate the measured polarizabilities with their uncertainties for these nuclei. The measurement for the neutron-rich short-
lived nucleus 68Ni has been performed at GSI with the precursor setup of R3B. Figures are taken from [Bty00,Roc11,Roc15]. 
 
In recent years, two nuclear observables have been identified to potentially provide much better 
constraints on L if accurately determined. These are the neutron-skin thickness of neutron-rich nuclei 
and the ground-state dipole polarizability. The correlation between the neutron-skin thickness and 
properties of the neutron equation of state has first been pointed out and quantified by Brown and 
Typel [BTy00], see upper left frame in Figure 1. A clear correlation between the derivative of the 
neutron equation of state close to saturation density and the neutron-skin thickness of 208Pb calculated 
with Skyrme interactions (closed symbols) and relativistic mean-field models (open symbols) is 
visible. This implies that a precise determination of the skin thickness would provide constraints on 
the density dependence of the neutron equation of state or, equivalently, on the slope parameter L of 
the symmetry energy. A similar correlation is observed with the dipole polarizability as pointed out 
first by Reinhard and Nazarewicz [RNa10]. First measurements of this observable have been 
performed at RCNP in Osaka for stable nuclei. The most precise value so far has been extracted for 
the nucleus 208Pb, where the measurements at RCNP were analysed together with the world data set 
[Tam11]. The result is shown in the lower right frame of Figure 1 together with the result from a first 
measurement for a short-lived neutron-rich nucleus performed with the R3B precursor setup at GSI 
[Ros13]. In the same plot, the results from different mean-field theories are shown. The experimental 
data consistently select a region of energy density functionals predicting correct values for the 
polarizability for both nuclei. The corresponding range of the symmetry energy slope L lies between 
20 and 66 MeV according to the analysis by Roca-Maza et al. [Roc15]. As soon as the detection 
systems CALIFA and NeuLAND are completed, R3B will start a program to measure this quantity 
with better than 5% uncertainty for neutron-rich nuclei, thus reaching the precision achieved for stable 
nuclei.  

X. ROCA-MAZA et al. PHYSICAL REVIEW C 92, 064304 (2015)
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FIG. 3. (Color online) (a) The product αDJ in 208Pb against the same product in 68Ni and 120Sn; in both cases the resulting correlation
coefficients are exceptionally high (r =0.99). The deduced linear fits give αD(208Pb)J = (16 ± 2) + (4.7 ± 0.1)αD(68Ni)J and αD(208Pb)J =
(−42 ± 4) + (2.4 ± 0.1)αD(120Sn)J . (b) Same as for panel (a) but for the pair 120Sn -68Ni with a correlation coefficient of r = 0.98. The linear
fit gives αD(120Sn)J = (16 ± 2) + (2.1 ± 0.1)αD(68Ni)J .

number of nuclei is within reach—the need for an accurate de-
termination of J is pressing. Thus, in the following we explore
the possibility of constraining J , L, and "rnp by comparing
the theoretical results to the measured values of the electric
dipole polarizability in 68Ni, 120Sn, and 208Pb. Further, these
constraints are exploited later so that bona fide theoretical
predictions are provided for the electric dipole polarizabil-
ity of 48Ca and 90Zr, both currently under experimental
consideration.

Although scaling αD by J yields a dramatic improvement
in its correlation to "rnp (see Fig. 1), the impact of such scaling
in correlating αD in two different nuclei is far less dramatic.
That is, it is possible to estimate the neutron skin thicknesses
of 68Ni, 120Sn, and 208Pb without invoking the empirical
value of the symmetry energy J . To do so, we identify the
subset of accurately calibrated EDFs—out of the large set
that we have been employing so far—that simultaneously
reproduce the electric dipole polarizability in 68Ni, 120Sn,
and 208Pb. These EDFs, which in addition to the electric
dipole polarizability reproduce ground-state properties over

the entire nuclear chart, provide definite predictions for the
neutron skin thickness of the three nuclei, as well as for
the two fundamental parameters of the symmetry energy: J
and L. This approach—now widely adopted by the theoretical
community—is reminiscent of a philosophy first proposed by
Blaizot and collaborators, who advocate a purely microscopic
approach for the extraction of nuclear matter parameters (e.g.,
compression modulus) from the dynamics of giant resonances
(i.e., the nuclear breathing mode) [54]. While the merit of
macroscopic formulas for obtaining qualitative information is
unquestionable, the field has attained a level of maturity that
demands stricter standards: It is now expected that microscopic
models predict simultaneously the strength distribution as well
as the properties of nuclear matter.

We display in Figs. 4(a) and 4(b) the electric dipole
polarizability of 208Pb versus those of 68Ni and 120Sn,
predicted by the RPA calculation with the set of EDFs used
in this work. From the two panels it is seen that αD in 208Pb
remains strongly correlated to αD in both 68Ni and 120Sn,
although the correlation weakens slightly by removing the
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FIG. 4. (Color online) Comparison of the theoretical results for the dipole polarizability with the experimental data. (a) 68Ni (3.88 ±
0.31 fm3) and 208Pb (19.6 ± 0.6 fm3, taking into account the subtraction of the quasideuteron excitations 0.51 ± 0.15 fm3). The linear fit gives
αD(208Pb) = (−0.5 ± 0.5) + (5.0 ± 0.2)αD(68Ni) and a correlation coefficient r = 0.96. (b) 120Sn (8.59 ± 0.37 fm3, taking into account the
subtraction of the quasideuteron excitations 0.34 ± 0.08 fm3) and 208Pb. The linear fit gives αD(208Pb) = (0.1 ± 0.5) + (2.2 ± 0.1)αD(120Sn)
and a correlation coefficient r = 0.96. The symbols that are circled in red (gray) correspond to the models that are compatible with experiments
on the dipole polarizability in 68Ni, 120Sn, and 208Pb.
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repeat the same type of analysis using the actual APV

instead of our test value. We also plot in Fig. 1 the con-
fidence band of the regression (boundary of the possible
straight lines) and the so-called prediction band (the wider
band that basically coincides with the envelope of the
models in the figure) at 95% confidence level [27].

While one first thinks of using a PREX extraction of rn
to constrain !rnp of 208Pb, we show in Fig. 2 that APV and
!rnp have themselves a very high linear dependence (the
correlation coefficient is 0.995). The small fluctuation of
APV with the charge density is more effectively removed by
analyzing APV vs rn ! rp. Actually, the correlation of APV

and!rnp is implicit in the BA. That is, expanding Eq. (2) at
q ! 0 yields FnðqÞ=FpðqÞ!1!ðrnþrpÞðrn!rpÞq2=6,
which is driven by rn ! rp (rn þ rp ’ 11:1 fm changes
by less than 3% in the models). Though Coulomb distor-
tions correct APV by more than 30%–40%, the correlation
prevails in the DWBA result. One sees in Fig. 2 that any
nuclear model accurately calibrated to masses and charge
radii nearly falls on the best-fit line and that the confidence
band of the regression is very narrow. Looking at Fig. 1, it
can be realized that different models, similarly successful
for the well-known observables, can give the same APV

with different rn (cf. MSkA, BCP, and SkM*; Sk-Rs, Ska,
and FSUGold; SkI5 and G2), but almost the same !rnp are
obtained with these forces. That the prediction band of the
regression is wider horizontally in Fig. 1 than in Fig. 2
points to the same fact. Thus, one expects more accurate
estimates of neutron observables using the correlation of
Fig. 2. Having found !rnp, one can get rn by unfolding
the finite size of the proton charge from the accurate
208Pb charge radius [12]. We note that our analysis allows
one to deduce!rnp and rn from APV without assuming any

particular shape for the nucleon density profiles.
Altogether, we believe our results firmly back the commis-
sioning of an improved PREX run where APV can be
measured more accurately. The present method will permit
one to retain in !rnp and rn most of the experiment’s
accuracy. As recently proposed [26], if rn is first precisely
known, then a second measurement can be made at higher
energy to constrain the surface thickness of the neutron
density of 208Pb.
The correlation of APV with !rnp is universal in the

realm of mean field theory as it is based on widely different
nuclear functionals. It is of interest to get further indica-
tions on it by looking at existing experiments. The 208Pb
neutron densities found via proton elastic scattering at
0.8 GeV in [2] and 0.3 GeV in [3] were both deduced
from the data in a way consistent with the experimental
charge density of 208Pb (known by electron elastic scatter-
ing). We computed APV using the neutron and charge
densities quoted in these works and plotted the results in
Fig. 2 against the central !rnp value of each experiment
(0.14 fm in [2] and 0.21 fm in [3]). We did the same with
the data deduced from the antiprotonic 208Pb atom [5] (now
using the Fermi nucleon densities of Table VI of [5]). It is
seen that the theoretical correlation of the models nicely
agrees with these points. Our test value APV ¼ 0:715 ppm
of 3% accuracy from PREX would give !rnp as 0:195&
0:057 fm (see Fig. 2). As reviewed in [11], we may recall
that the recent constraints from strong probes, isospin
diffusion, and pygmy dipole resonances favor a range
0.15–0.22 fm for the central value of !rnp (208Pb).
Recent information on the nuclear equation of state derived
from observed masses and radii of neutron stars suggests a
similar range 0.14–0.20 fm [24,28].
Finally, we analyze how PREX can constrain the density

dependence of the nuclear symmetry energy Esymð!Þ
around normal density !0, which is characterized by the
slope coefficient L ¼ 3!0@Esymð!Þ=@!j!0

in the literature
[17–21]. A larger L value implies a higher pressure in
neutron matter and a thicker neutron skin in 208Pb.
Interest in L permeates many areas of active research,
such as the structure and the reactions of neutron-rich
nuclei [15–21], the physics of neutron stars [22–24], and
events like giant flares [29] and gravitational radiation
from neutron stars [30]. The available empirical estimates
span a rather loose range 30 & L & 110 MeV, with the
recent constraints seemingly agreeing on a value around
L' 60 MeV with &25 MeV spread [17–21]. A micro-
scopic calculation with realistic nucleon-nucleon poten-
tials and three-body forces predicts L ¼ 66:5 MeV [31].
Figure 3 displays the correlation between !rnp (208Pb)
and L [17–19] in the present analysis. Imposing the
previous constraint !rnp ¼ 0:195& 0:057 fm yields
L¼64&39MeV. While the central value depends on
our test assumption APV ¼ 0:715 ppm, the spread follow-
ing from a determination of APV to 3% accuracy essentially
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does not. Then, we have to conclude that a 3% accuracy in
APV sets modest constraints on L, implying that some of
the expectations that this measurement will constrain L
precisely may have to be revised to some extent. To narrow
down L, though demanding more experimental effort, a
!1% measurement of APV should be sought ultimately in
PREX. Our approach can support it to yield a new accuracy
near !!rnp ! 0:02 fm and !L! 10 MeV, well below any
previous constraint. Moreover, PREX is unique in that the
central value of !rnp and L follows from a probe largely
free of strong force uncertainties.

In summary, PREX ought to be instrumental to pave the
way for electroweak studies of neutron densities in heavy
nuclei [9,10,26]. To accurately extract the neutron radius
and skin of 208Pb from the experiment requires a precise
connection between the parity-violating asymmetry APV

and these properties. We investigated parity-violating elec-
tron scattering in nuclear models constrained by available
laboratory data to support this extraction without specific
assumptions on the shape of the nucleon densities. We
demonstrated a linear correlation, universal in the mean
field framework, between APV and!rnp that has very small
scatter. Because of its high quality, it will not spoil the
experimental accuracy even in improved measurements of
APV. With a 1% measurement of APV it can allow one to
constrain the slope L of the symmetry energy to near a
novel 10 MeV level. A mostly model-independent deter-
mination of !rnp of 208Pb and L should have enduring
impact on a variety of fields, including atomic parity
nonconservation and low-energy tests of the standard
model [8,9,32].
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CHAPTER 1. INTRODUCTION
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Figure 1.3: Left: The neutron-skin thickness�rnp in 208Pb vs. the derivative of the neutron EoS

@En(⇢n)/@⇢n at ⇢ = 0.1 1
fm3 . The correlation between both quantities is emphasized by a linear

fit. The calculations [Bro00, Typ01] are based on Skyrme interactions (closed symbols) and

relativistic mean-field models (open symbols). Right: The neutron-skin thickness in 208Pb vs.

the slope parameter L calculated for di↵erent nonrelativistic (open circles) and relativistic (open

diamonds) models. The figure is taken from [Roc11] and results of the DD2 model [Typ14] (red

diamonds) were added with kind permission of the author. The American Physical Society.

A linear correlation between the derivative of the neutron EoS and the neutron-skin thick-

ness was pointed out for the first time by Brown [Bro00], using a large number of di↵erent

Skyrme interactions. The neutron-skin thickness in 208Pb vs. the derivative of the neutron

EoS @En(⇢n)/@⇢n at ⇢ = 0.1 1
fm3 is represented by filled circles in the left panel of Figure 1.3.

Relativistic mean-field calculations presented by Typel and Brown [Typ01] follow this trend

(open circles), but most of the models lead to a larger neutron radius.

A more recent analysis by Roca-Maza [Roc11] includes more interaction models. The neutron-

skin thickness in 208Pb vs. the slope Parameter L is presented in the right panel of Figure 1.3.

Results obtained from Skyrme interactions and relativistic mean-field models are represented

by open circles and diamonds respectively. Early versions of relativistic mean-field approaches,

such as the di↵erent NL models (see, e.g., [Dut14]), predict large values for L. This behavior

changes drastically when density dependent meson-nucleon couplings are included. The models

DD-ME [Nik02,Lal05], for instance, predict a slope parameter of approximately 55MeV. Red

diamonds were added with kind permission of the author and correspond to di↵erent parame-

terizations of the relativistic mean-field model with density dependent meson-nucleon couplings

DD2 [Typ14] that is used in the present study, and discussed in Chapter 3.

Based on the obvious relation in Figure 1.3, measurements of the neutron skin-thickness would

provide a unique test of quality for nuclear interaction models or, in other words, a method to

constrain the symmetry-energy slope parameter. However, the extraction of this quantity is not
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Figure 1. Upper left: The neutron-skin thickness ∆rnp of 208Pb vs. the derivative of the neutron EOS ∂E(ρ)/∂ρ at ρ=0.1/fm3. 
The correlation between both quantities is emphasized by a linear fit. The calculations [BTy00] are based on Skyrme 
interactions (closed symbols) and relativistic mean-field models (open symbols). Upper right: The neutron-skin thickness in 
208Pb vs. the slope parameter L calculated for different non-relativistic (open circles) and relativistic (open diamonds) 
models. The figure is taken from [Roc11]. Lower left: Correlation between the asymmetry APV to be measured in the PREX 
experiment vs. the neutron-skin thickness calculated in the same mean-field approaches as above. The targeted precision of 
the PREX experiment is indicated by the green bars in the latter two figures. Lower right: Correlation of the dipole 
polarizability aD for two different nuclei as predicted by various Skyrme and relativistic interactions. The yellow bands 
indicate the measured polarizabilities with their uncertainties for these nuclei. The measurement for the neutron-rich short-
lived nucleus 68Ni has been performed at GSI with the precursor setup of R3B. Figures are taken from [Bty00,Roc11,Roc15]. 
 
In recent years, two nuclear observables have been identified to potentially provide much better 
constraints on L if accurately determined. These are the neutron-skin thickness of neutron-rich nuclei 
and the ground-state dipole polarizability. The correlation between the neutron-skin thickness and 
properties of the neutron equation of state has first been pointed out and quantified by Brown and 
Typel [BTy00], see upper left frame in Figure 1. A clear correlation between the derivative of the 
neutron equation of state close to saturation density and the neutron-skin thickness of 208Pb calculated 
with Skyrme interactions (closed symbols) and relativistic mean-field models (open symbols) is 
visible. This implies that a precise determination of the skin thickness would provide constraints on 
the density dependence of the neutron equation of state or, equivalently, on the slope parameter L of 
the symmetry energy. A similar correlation is observed with the dipole polarizability as pointed out 
first by Reinhard and Nazarewicz [RNa10]. First measurements of this observable have been 
performed at RCNP in Osaka for stable nuclei. The most precise value so far has been extracted for 
the nucleus 208Pb, where the measurements at RCNP were analysed together with the world data set 
[Tam11]. The result is shown in the lower right frame of Figure 1 together with the result from a first 
measurement for a short-lived neutron-rich nucleus performed with the R3B precursor setup at GSI 
[Ros13]. In the same plot, the results from different mean-field theories are shown. The experimental 
data consistently select a region of energy density functionals predicting correct values for the 
polarizability for both nuclei. The corresponding range of the symmetry energy slope L lies between 
20 and 66 MeV according to the analysis by Roca-Maza et al. [Roc15]. As soon as the detection 
systems CALIFA and NeuLAND are completed, R3B will start a program to measure this quantity 
with better than 5% uncertainty for neutron-rich nuclei, thus reaching the precision achieved for stable 
nuclei.  

X. ROCA-MAZA et al. PHYSICAL REVIEW C 92, 064304 (2015)

100 150 200 250 300 350
αD(

68
Ni) J αD(

120
Sn) J

500

600

700

800

900

α D
(20

8 Pb
) 

J 
 (

M
eV

 f
m

3 )

r = 0.99 r = 0.99 (a)

100 125 150 175
αD(

68
Ni) J  (MeV fm

3
)

250

300

350

400

α D
(12

0 Sn
) 

J 
 (

M
eV

 f
m

3 ) Skyrmes
SAMi-J
KDE0-J
DD-ME

r = 0.98 (b)

FIG. 3. (Color online) (a) The product αDJ in 208Pb against the same product in 68Ni and 120Sn; in both cases the resulting correlation
coefficients are exceptionally high (r =0.99). The deduced linear fits give αD(208Pb)J = (16 ± 2) + (4.7 ± 0.1)αD(68Ni)J and αD(208Pb)J =
(−42 ± 4) + (2.4 ± 0.1)αD(120Sn)J . (b) Same as for panel (a) but for the pair 120Sn -68Ni with a correlation coefficient of r = 0.98. The linear
fit gives αD(120Sn)J = (16 ± 2) + (2.1 ± 0.1)αD(68Ni)J .

number of nuclei is within reach—the need for an accurate de-
termination of J is pressing. Thus, in the following we explore
the possibility of constraining J , L, and "rnp by comparing
the theoretical results to the measured values of the electric
dipole polarizability in 68Ni, 120Sn, and 208Pb. Further, these
constraints are exploited later so that bona fide theoretical
predictions are provided for the electric dipole polarizabil-
ity of 48Ca and 90Zr, both currently under experimental
consideration.

Although scaling αD by J yields a dramatic improvement
in its correlation to "rnp (see Fig. 1), the impact of such scaling
in correlating αD in two different nuclei is far less dramatic.
That is, it is possible to estimate the neutron skin thicknesses
of 68Ni, 120Sn, and 208Pb without invoking the empirical
value of the symmetry energy J . To do so, we identify the
subset of accurately calibrated EDFs—out of the large set
that we have been employing so far—that simultaneously
reproduce the electric dipole polarizability in 68Ni, 120Sn,
and 208Pb. These EDFs, which in addition to the electric
dipole polarizability reproduce ground-state properties over

the entire nuclear chart, provide definite predictions for the
neutron skin thickness of the three nuclei, as well as for
the two fundamental parameters of the symmetry energy: J
and L. This approach—now widely adopted by the theoretical
community—is reminiscent of a philosophy first proposed by
Blaizot and collaborators, who advocate a purely microscopic
approach for the extraction of nuclear matter parameters (e.g.,
compression modulus) from the dynamics of giant resonances
(i.e., the nuclear breathing mode) [54]. While the merit of
macroscopic formulas for obtaining qualitative information is
unquestionable, the field has attained a level of maturity that
demands stricter standards: It is now expected that microscopic
models predict simultaneously the strength distribution as well
as the properties of nuclear matter.

We display in Figs. 4(a) and 4(b) the electric dipole
polarizability of 208Pb versus those of 68Ni and 120Sn,
predicted by the RPA calculation with the set of EDFs used
in this work. From the two panels it is seen that αD in 208Pb
remains strongly correlated to αD in both 68Ni and 120Sn,
although the correlation weakens slightly by removing the
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FIG. 4. (Color online) Comparison of the theoretical results for the dipole polarizability with the experimental data. (a) 68Ni (3.88 ±
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repeat the same type of analysis using the actual APV

instead of our test value. We also plot in Fig. 1 the con-
fidence band of the regression (boundary of the possible
straight lines) and the so-called prediction band (the wider
band that basically coincides with the envelope of the
models in the figure) at 95% confidence level [27].

While one first thinks of using a PREX extraction of rn
to constrain !rnp of 208Pb, we show in Fig. 2 that APV and
!rnp have themselves a very high linear dependence (the
correlation coefficient is 0.995). The small fluctuation of
APV with the charge density is more effectively removed by
analyzing APV vs rn ! rp. Actually, the correlation of APV

and!rnp is implicit in the BA. That is, expanding Eq. (2) at
q ! 0 yields FnðqÞ=FpðqÞ!1!ðrnþrpÞðrn!rpÞq2=6,
which is driven by rn ! rp (rn þ rp ’ 11:1 fm changes
by less than 3% in the models). Though Coulomb distor-
tions correct APV by more than 30%–40%, the correlation
prevails in the DWBA result. One sees in Fig. 2 that any
nuclear model accurately calibrated to masses and charge
radii nearly falls on the best-fit line and that the confidence
band of the regression is very narrow. Looking at Fig. 1, it
can be realized that different models, similarly successful
for the well-known observables, can give the same APV

with different rn (cf. MSkA, BCP, and SkM*; Sk-Rs, Ska,
and FSUGold; SkI5 and G2), but almost the same !rnp are
obtained with these forces. That the prediction band of the
regression is wider horizontally in Fig. 1 than in Fig. 2
points to the same fact. Thus, one expects more accurate
estimates of neutron observables using the correlation of
Fig. 2. Having found !rnp, one can get rn by unfolding
the finite size of the proton charge from the accurate
208Pb charge radius [12]. We note that our analysis allows
one to deduce!rnp and rn from APV without assuming any

particular shape for the nucleon density profiles.
Altogether, we believe our results firmly back the commis-
sioning of an improved PREX run where APV can be
measured more accurately. The present method will permit
one to retain in !rnp and rn most of the experiment’s
accuracy. As recently proposed [26], if rn is first precisely
known, then a second measurement can be made at higher
energy to constrain the surface thickness of the neutron
density of 208Pb.
The correlation of APV with !rnp is universal in the

realm of mean field theory as it is based on widely different
nuclear functionals. It is of interest to get further indica-
tions on it by looking at existing experiments. The 208Pb
neutron densities found via proton elastic scattering at
0.8 GeV in [2] and 0.3 GeV in [3] were both deduced
from the data in a way consistent with the experimental
charge density of 208Pb (known by electron elastic scatter-
ing). We computed APV using the neutron and charge
densities quoted in these works and plotted the results in
Fig. 2 against the central !rnp value of each experiment
(0.14 fm in [2] and 0.21 fm in [3]). We did the same with
the data deduced from the antiprotonic 208Pb atom [5] (now
using the Fermi nucleon densities of Table VI of [5]). It is
seen that the theoretical correlation of the models nicely
agrees with these points. Our test value APV ¼ 0:715 ppm
of 3% accuracy from PREX would give !rnp as 0:195&
0:057 fm (see Fig. 2). As reviewed in [11], we may recall
that the recent constraints from strong probes, isospin
diffusion, and pygmy dipole resonances favor a range
0.15–0.22 fm for the central value of !rnp (208Pb).
Recent information on the nuclear equation of state derived
from observed masses and radii of neutron stars suggests a
similar range 0.14–0.20 fm [24,28].
Finally, we analyze how PREX can constrain the density

dependence of the nuclear symmetry energy Esymð!Þ
around normal density !0, which is characterized by the
slope coefficient L ¼ 3!0@Esymð!Þ=@!j!0

in the literature
[17–21]. A larger L value implies a higher pressure in
neutron matter and a thicker neutron skin in 208Pb.
Interest in L permeates many areas of active research,
such as the structure and the reactions of neutron-rich
nuclei [15–21], the physics of neutron stars [22–24], and
events like giant flares [29] and gravitational radiation
from neutron stars [30]. The available empirical estimates
span a rather loose range 30 & L & 110 MeV, with the
recent constraints seemingly agreeing on a value around
L' 60 MeV with &25 MeV spread [17–21]. A micro-
scopic calculation with realistic nucleon-nucleon poten-
tials and three-body forces predicts L ¼ 66:5 MeV [31].
Figure 3 displays the correlation between !rnp (208Pb)
and L [17–19] in the present analysis. Imposing the
previous constraint !rnp ¼ 0:195& 0:057 fm yields
L¼64&39MeV. While the central value depends on
our test assumption APV ¼ 0:715 ppm, the spread follow-
ing from a determination of APV to 3% accuracy essentially
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does not. Then, we have to conclude that a 3% accuracy in
APV sets modest constraints on L, implying that some of
the expectations that this measurement will constrain L
precisely may have to be revised to some extent. To narrow
down L, though demanding more experimental effort, a
!1% measurement of APV should be sought ultimately in
PREX. Our approach can support it to yield a new accuracy
near !!rnp ! 0:02 fm and !L! 10 MeV, well below any
previous constraint. Moreover, PREX is unique in that the
central value of !rnp and L follows from a probe largely
free of strong force uncertainties.

In summary, PREX ought to be instrumental to pave the
way for electroweak studies of neutron densities in heavy
nuclei [9,10,26]. To accurately extract the neutron radius
and skin of 208Pb from the experiment requires a precise
connection between the parity-violating asymmetry APV

and these properties. We investigated parity-violating elec-
tron scattering in nuclear models constrained by available
laboratory data to support this extraction without specific
assumptions on the shape of the nucleon densities. We
demonstrated a linear correlation, universal in the mean
field framework, between APV and!rnp that has very small
scatter. Because of its high quality, it will not spoil the
experimental accuracy even in improved measurements of
APV. With a 1% measurement of APV it can allow one to
constrain the slope L of the symmetry energy to near a
novel 10 MeV level. A mostly model-independent deter-
mination of !rnp of 208Pb and L should have enduring
impact on a variety of fields, including atomic parity
nonconservation and low-energy tests of the standard
model [8,9,32].
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CHAPTER 1. INTRODUCTION
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Figure 1.3: Left: The neutron-skin thickness�rnp in 208Pb vs. the derivative of the neutron EoS

@En(⇢n)/@⇢n at ⇢ = 0.1 1
fm3 . The correlation between both quantities is emphasized by a linear

fit. The calculations [Bro00, Typ01] are based on Skyrme interactions (closed symbols) and

relativistic mean-field models (open symbols). Right: The neutron-skin thickness in 208Pb vs.

the slope parameter L calculated for di↵erent nonrelativistic (open circles) and relativistic (open

diamonds) models. The figure is taken from [Roc11] and results of the DD2 model [Typ14] (red

diamonds) were added with kind permission of the author. The American Physical Society.

A linear correlation between the derivative of the neutron EoS and the neutron-skin thick-

ness was pointed out for the first time by Brown [Bro00], using a large number of di↵erent

Skyrme interactions. The neutron-skin thickness in 208Pb vs. the derivative of the neutron

EoS @En(⇢n)/@⇢n at ⇢ = 0.1 1
fm3 is represented by filled circles in the left panel of Figure 1.3.

Relativistic mean-field calculations presented by Typel and Brown [Typ01] follow this trend

(open circles), but most of the models lead to a larger neutron radius.

A more recent analysis by Roca-Maza [Roc11] includes more interaction models. The neutron-

skin thickness in 208Pb vs. the slope Parameter L is presented in the right panel of Figure 1.3.

Results obtained from Skyrme interactions and relativistic mean-field models are represented

by open circles and diamonds respectively. Early versions of relativistic mean-field approaches,

such as the di↵erent NL models (see, e.g., [Dut14]), predict large values for L. This behavior

changes drastically when density dependent meson-nucleon couplings are included. The models

DD-ME [Nik02,Lal05], for instance, predict a slope parameter of approximately 55MeV. Red

diamonds were added with kind permission of the author and correspond to di↵erent parame-

terizations of the relativistic mean-field model with density dependent meson-nucleon couplings

DD2 [Typ14] that is used in the present study, and discussed in Chapter 3.

Based on the obvious relation in Figure 1.3, measurements of the neutron skin-thickness would

provide a unique test of quality for nuclear interaction models or, in other words, a method to

constrain the symmetry-energy slope parameter. However, the extraction of this quantity is not
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TABLE I. GDR and PDR parameters for 68Ni from fit to E1
strength, as shown in Fig. 3. Included as well are the GDR
and PDR parameters from literature.

This work Lit. Ref.

GDR
Em [MeV] 17.1(2) 17.84

[30]Γ [MeV] 6.1(5) 5.69
SEWSR [%] 98(7) 100

PDR
Em [MeV] 9.55(17) 11

[13, 25]σ [MeV] 0.51(13) < 1
SEWSR [%] 2.8(5) 5.0(1.5)

ing from correlations among the bins due to the instru-220

mental response discussed above.221

The neutron kinetic energies in the 1n channel can-222

not be described by a statistical decay alone (dashed line223

in upper frame in Fig. 1). Since the 2n channel opens224

5.81 MeV above the 1n threshold, neutron energies far225

above this value are not expected to be observed, un-226

less a second decay mode is considered. By adding a227

non-statistical decay component (dotted line in upper228

frame in Fig. 1) to the fit procedure, in which the ex-229

cited nucleus decays to the vicinity of the A-1 ground230

state exclusively by the emission of one highly energetic231

neutron, the neutron kinetic energies in the (γ∗,n) chan-232

nel can be described properly. The non-statistical decay233

branching ratio, which is considered to be constant over234

the entire studied energy range, was obtained from the χ2
235

minimization and amounts to 25(2)%, which is in good236

agreement with the expected values for nuclei in this mass237

region [30].238

In order to extract the GDR and PDR parameters239

from the E1 strength distribution, a function compris-240

ing a Breit-Wigner and a Gaussian curve was fit to the241

deconvoluted experimental data. The values obtained242

for the centroid energy (Em), width (Γ for the GDR, σ243

for the PDR) and SEWSR are listed in Table I, which in-244

cludes the GDR parameters predicted by systematics [30]245

as well. Fig. 3 shows the composite fit function as well as246

the strength attributed to the GDR alone. A slight shift247

towards lower centroid energy is observed for 68Ni com-248

pared to the systematics for stable nuclei. Extracting the249

PDR parameters in this manner allows for a direct com-250

parison with the results obtained by Wieland et al. [25],251

reporting a centroid energy of 11 MeV, a width of less252

than 1 MeV and SEWSR = 5.0(1.5)% (under the assump-253

tion of a direct photon decay branching ratio from the254

PDR region of ∼4%). While energy and width are in rea-255

sonable agreement, we observe significantly less sum-rule256

strength in the low-lying peak. In turn, we can extract257

from this comparison the direct γ-decay branching ratio258

for the decay of the PDR in 68Ni to 7(2)%, which is sig-259

nificantly larger than the estimate of Ref. [25] assuming260

a statistical decay.261

We now turn to the extraction of the dipole polarizabil-262

ity αD, which is enhanced by the PDR in neutron-rich263
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FIG. 4. (Color online) Inverse energy-weighted dipole
strength (black dots) with FSUGold calculations of
Piekarewicz [9] for three neutron-skin thickness values for
68Ni. Inset: experimental dipole polarizability cumulated
sum with corresponding FSUGold calculations.

nuclei, as expected for species exhibiting an appreciable264

neutron skin. Fig. 4 presents the experimental inverse265

energy-weighted dipole strength distribution (integrand266

of Eq. 1) of 68Ni compared to the results of a relativis-267

tic RPA calculation by Piekarewicz [9], which uses the268

accurately calibrated FSUGold parameterization of the269

mean-field interaction. The variation of an empirical cou-270

pling constant responsible for isoscalar-isovector mixing271

leads to a modification of the density dependence of the272

symmetry energy as well as of the overall E1 strength.273

The tuning of this parameter allows correlations between274

theoretical and experimental quantities to be established,275

such as between the neutron-skin thickness and the dipole276

polarizability [9]. The calculated dipole response func-277

tions have been convoluted with the experimental energy278

resolution for comparison. Three cases for different val-279

ues of ∆Rn,p are shown in Fig. 4 on top of the experi-280

mental data.281

While the spectral shape of the inverse energy-282

weighted dipole strength allows us to identify and sep-283

arate the regions of low-lying and GDR strength, the284

integral dipole polarizability itself provides sufficient and285

robust information to correlate ∆Rn,p with an experi-286

mental observable. The inset in Fig. 4 depicts the cumu-287

lative sum, both for the experimental data as well as for288

the calculated curves. The experimental value amounts289

to αD = 3.40(23) fm3, evaluated with an upper integra-290

tion limit of 28.4 MeV.291

Making use of the nearly linear relationship be-292

tween αD and ∆Rn,p provided by the calculations of293

Piekarewicz [9] as shown in Fig. 5, we deduce ∆Rn,p =294

0.175(21) fm for 68Ni using the measured dipole polariz-295

ability. The same calculation which reproduces the mea-296

sured αD in 68Ni predicts ∆Rn,p = 0.16(3) fm in 208Pb,297

which is in very good agreement with the values extracted298

in Refs. [5, 10, 14]. Applying the method outlined by299
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1GSI Helmholtzzentrum für Schwerionenforschung GmbH, D-64291 Darmstadt, Germany9

2Institut für Kernchemie, Johannes Gutenberg-Universität, D-55128 Mainz, Germany10

3University of Santiago de Compostela, E-15705 Santiago de Compostela, Spain11

4Institut für Kernphysik, Technische Universität Darmstadt, D-64289 Darmstadt, Germany12

5Physik-Department E12, Technische Universität München, D-85748 Garching, Germany13

6University of Vigo, E-36310 Vigo, Spain14

7University of Liverpool, Liverpool L69 7ZE, United Kingdom15

8Saha Institute of Nuclear Physics, Kolkata 700-064, India16

9Institut für Angewandte Physik, Goethe Universität, D-60438 Frankfurt am Main, Germany17

10Chalmers University of Technology, SE-41296 Göteborg, Sweden18
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The E1 strength distribution in 68Ni has been investigated using Coulomb excitation in inverse
kinematics at the R3B-LAND setup and by measuring the invariant mass in the one and two-
neutron decay channels. The GDR and a low-lying peak (PDR) have been observed at 17.1(2) and
9.55(17) MeV, respectively. The measured dipole polarizability is compared to relativistic RPA
calculations yielding a neutron-skin thickness of 0.175(21) fm. A method and analysis applicable
to neutron-rich nuclei has been developed, allowing for a precise determination of neutron skins in
nuclei as a function of neutron excess.

PACS numbers: 24.30.Cz, 24.30.Gd, 25.60.-t, 25.70.De30

The knowledge of the nuclear equation-of-state (EoS)31

of neutron-rich matter is key for the understanding of32

many phenomena both in nuclear physics and astro-33

physics, ranging from the properties and reactions of34

neutron-rich nuclei to Super-Nova dynamics and prop-35

erties of neutron stars. Huge theoretical and experimen-36

tal efforts have been devoted in recent years in order to37

constrain the isospin-asymmetric part of the EoS, i.e.,38

the symmetry energy, and its density dependence, see39

for instance Refs. [1–3]. The neutron skin of neutron-40

rich nuclei is a property that is directly related to the41

EoS of asymmetric matter close to saturation density.42

The density dependence of the symmetry energy governs43

the neutron skin in nuclei as well as the radius of neutron44

stars [4]. However, a precise experimental determination45

of the neutron-skin thickness remains challenging [5, 6].46

The electric dipole (E1) response of nuclei, and in par-47

ticular its dependence on the neutron-to-proton asymme-48

try, is governed by the symmetry energy and its density49

dependence as well [7–10]. Recently, the low-lying E150

strength appearing in neutron-rich nuclei, often denoted51

as Pygmy Dipole Resonance (PDR) [11], has been uti-52

lized to constrain the symmetry energy or the neutron-53

skin thickness [7, 12, 13]. It has been pointed out by54

Reinhard and Nazarewicz [8], that the electric dipole po-55

larizability αD of the nucleus provides a more robust and56

less model-dependent observable to extract ∆Rn,p. The57

dipole polarizability αD, which is indeed very sensitive to58

low-lying E1 strength due to its inverse energy weighting,59

is defined as follows [9]:60

αD =
!c

2π2

∫ ∞

0

σ (E)

E2
dE, (1)

where σ(E) is the photoabsorption cross section.61

Tamii et al. measured the dipole polarizability of62

208Pb, amounting to 20.1(6) fm3/e2, and extracted its63
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FIG. 1. (Color online) (a) Dipole polarizability against the neutron skin thickness in 208Pb predicted by modern nuclear EDFs [10–17]. A
correlation coefficient of r = 0.62 is found. (b) Dipole polarizability times the symmetry energy at saturation of each model against the neutron
skin thickness in 208Pb predicted by the same EDFs of panel (a). The linear fit gives 10−2αDJ = (3.01 ± 0.32) + (19.22 ± 0.73)"rnp with a
correlation coefficient r = 0.97, and the two shaded regions represent the 99.9% and 70% confidence bands.

skin thickness of 208Pb:

"rnp = 0.165 ± (0.009)expt ± (0.013)theor ± (0.021)est fm.

(13)

We labeled the uncertainty derived from the different estimates
on J as “est” because it contains uncertainties coming from
both experimental and theoretical analyses, which are often not
easy to separate. In addition, we use a different label to keep
track of the magnitude of the various uncertainties. Finally,
we note that the above result for the neutron skin thickness of
208Pb is in agreement with previous estimates [1–4,11,33].

Given the strong correlation between the neutron skin
thickness of 208Pb and the slope of the symmetry energy L,
one expects that the strong correlation between αDJ and "rnp

will extend also to L. Moreover, based on the DM insights
summarized in Eq. (11), we display in Fig. 2 the microscopic
predictions for αDJ as a function of L for the same models
depicted in Fig. 1. The correlation between αDJ and L is of
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FIG. 2. (Color online) Dipole polarizability in 208Pb times the
symmetry energy at saturation as a function of the slope parameter L.
The same EDFs [10–17] of Fig. 1 are used. The linear fit gives
10−2αDJ = (4.80 ± 0.04) + (0.033 ± 0.001)L with a correlation
coefficient r = 0.96, and the two shaded regions represent the 99.9%
and 70% confidence bands.

particular interest since it provides a direct relation between
J and L via the high-precision measurement of the electric
dipole polarizability. Specifically, we obtain

L = −146 ± (1)theor + [6.11 ± (0.18)expt ± (0.26)theor]J,

(14)

where both J and L are expressed in MeV. In particular,
adopting as before a value of J = [31 ± (2)est] MeV, the above
equation translates into the following constraint on L:

L = 43 ± (6)expt ± (8)theor ± (12)est MeV. (15)

Our results show that the analytical formulas (8) and (11)
reproduce the trends of the employed microscopic models.
For completeness, we now evaluate the quantitative accuracy
of these macroscopic formulas in reproducing the present
self-consistent results. In doing so, we use the microscopic
predictions for the different quantities appearing in the right-
hand side of Eqs. (8) and (11) and calculate αD by using the two
macroscopic expressions. As a result, compared with the actual
self-consistent values of αD , we find that Eqs. (8) and (11) are
accurate within 10% and 12% on average, respectively.

We conclude this section by noting that the analysis
presented here may be systematically extended to other heavy
nuclei if αD is experimentally known. This could tighten the
constraint between J and L.

B. The dipole polarizability and the parity-violating
asymmetry in 208Pb

The parity-violating asymmetry in the elastic scattering of
high-energy polarized electrons from 208Pb was recently mea-
sured at low momentum transfer at the Jefferson Laboratory by
the Lead Radius Experiment (PREX) Collaboration [2]. The
parity-violating asymmetry is defined as the relative difference
between the differential cross sections of ultrarelativistic
elastically scattered electrons with positive and negative
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FIG. 3. (Color online) (a) The product αDJ in 208Pb against the same product in 68Ni and 120Sn; in both cases the resulting correlation
coefficients are exceptionally high (r =0.99). The deduced linear fits give αD(208Pb)J = (16 ± 2) + (4.7 ± 0.1)αD(68Ni)J and αD(208Pb)J =
(−42 ± 4) + (2.4 ± 0.1)αD(120Sn)J . (b) Same as for panel (a) but for the pair 120Sn -68Ni with a correlation coefficient of r = 0.98. The linear
fit gives αD(120Sn)J = (16 ± 2) + (2.1 ± 0.1)αD(68Ni)J .

number of nuclei is within reach—the need for an accurate de-
termination of J is pressing. Thus, in the following we explore
the possibility of constraining J , L, and "rnp by comparing
the theoretical results to the measured values of the electric
dipole polarizability in 68Ni, 120Sn, and 208Pb. Further, these
constraints are exploited later so that bona fide theoretical
predictions are provided for the electric dipole polarizabil-
ity of 48Ca and 90Zr, both currently under experimental
consideration.

Although scaling αD by J yields a dramatic improvement
in its correlation to "rnp (see Fig. 1), the impact of such scaling
in correlating αD in two different nuclei is far less dramatic.
That is, it is possible to estimate the neutron skin thicknesses
of 68Ni, 120Sn, and 208Pb without invoking the empirical
value of the symmetry energy J . To do so, we identify the
subset of accurately calibrated EDFs—out of the large set
that we have been employing so far—that simultaneously
reproduce the electric dipole polarizability in 68Ni, 120Sn,
and 208Pb. These EDFs, which in addition to the electric
dipole polarizability reproduce ground-state properties over

the entire nuclear chart, provide definite predictions for the
neutron skin thickness of the three nuclei, as well as for
the two fundamental parameters of the symmetry energy: J
and L. This approach—now widely adopted by the theoretical
community—is reminiscent of a philosophy first proposed by
Blaizot and collaborators, who advocate a purely microscopic
approach for the extraction of nuclear matter parameters (e.g.,
compression modulus) from the dynamics of giant resonances
(i.e., the nuclear breathing mode) [54]. While the merit of
macroscopic formulas for obtaining qualitative information is
unquestionable, the field has attained a level of maturity that
demands stricter standards: It is now expected that microscopic
models predict simultaneously the strength distribution as well
as the properties of nuclear matter.

We display in Figs. 4(a) and 4(b) the electric dipole
polarizability of 208Pb versus those of 68Ni and 120Sn,
predicted by the RPA calculation with the set of EDFs used
in this work. From the two panels it is seen that αD in 208Pb
remains strongly correlated to αD in both 68Ni and 120Sn,
although the correlation weakens slightly by removing the
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FIG. 4. (Color online) Comparison of the theoretical results for the dipole polarizability with the experimental data. (a) 68Ni (3.88 ±
0.31 fm3) and 208Pb (19.6 ± 0.6 fm3, taking into account the subtraction of the quasideuteron excitations 0.51 ± 0.15 fm3). The linear fit gives
αD(208Pb) = (−0.5 ± 0.5) + (5.0 ± 0.2)αD(68Ni) and a correlation coefficient r = 0.96. (b) 120Sn (8.59 ± 0.37 fm3, taking into account the
subtraction of the quasideuteron excitations 0.34 ± 0.08 fm3) and 208Pb. The linear fit gives αD(208Pb) = (0.1 ± 0.5) + (2.2 ± 0.1)αD(120Sn)
and a correlation coefficient r = 0.96. The symbols that are circled in red (gray) correspond to the models that are compatible with experiments
on the dipole polarizability in 68Ni, 120Sn, and 208Pb.
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TABLE I. Various estimates of the neutron skin thickness (in fm)
of 68Ni, 120Sn, and 208Pb. (a) Lower and upper values of !rnp as
predicted by those models that reproduce the experimental values of
the electric dipole polarizability of 68Ni, 120Sn, and 208Pb. (b) Mean
value and standard deviation of !rnp as predicted by the same subset
of models in column (a). (c) Predictions extracted from the correlation
αDJ -!rnp using a suitable range for the symmetry energy coefficient
J (see text for details).

Nucleus !rnp (a) !rnp (b) !rnp (c)

68Ni 0.15–0.19 0.18 ± 0.01 0.16 ± 0.04
120Sn 0.12–0.16 0.14 ± 0.02 0.12 ± 0.04
208Pb 0.13–0.19 0.16 ± 0.02 0.16 ± 0.03

scaling with J (see Fig. 3). The linear fits obtained from the
correlations displayed in Fig. 4 yield

αD(208Pb) = (−0.5 ± 0.5) + (5.0 ± 0.2) αD(68Ni) , (7)

αD(208Pb) = (0.1 ± 0.5) + (2.2 ± 0.1) αD(120Sn) , (8)

with a correlation coefficient of 0.96 in both cases. Note that
to leading order in A, Eq. (4) largely accounts for the slope
between a pair of dipole polarizabilities as predicted by a
given interaction—i.e., for fixed values of J and Q. That is,
αD(A1)∼ (A1/A2)5/3αD(A2).

Represented by horizontal and vertical yellow (light gray)
bands in the two panels of Fig. 4 are the experimental values
of the electric dipole polarizability, including error bars. It is
important to remember that for a quantitative comparison with
the theoretical predictions, the experimental values have been
corrected as described in Sec. II B. The theoretical predictions
inside the area bounded by the horizontal and vertical bands
reproduce the experimental values of both 208Pb and 68Ni or
208Pb and 120Sn. Red (gray) circles emphasize those models
that reproduce simultaneously the electric dipole polarizability
in all three nuclei. The figure shows that the majority of models
that correctly predict the experimental value of αD in 208Pb
are also able to reproduce the data on 68Ni and 120Sn.

Nevertheless, it should be noted that if the constraint from
the measured value of αD in 208Pb were neglected, i.e., the
horizontal yellow (light gray) band would be omitted from the
figure, the experimental values for αD in 120Sn and especially
in 68Ni would accommodate more models on the side of softer
symmetry energy (smaller αD) and, consequently, on the side
of smaller neutron skin thickness. Thus, even after applying
the corrections described in Sec. II B to the experimental
data for αD , which increased the value of αD in 68Ni and
decreased it in 120Sn and 208Pb, it seems that the measured
dipole polarizability in the 68Ni nucleus favors a softer nuclear
symmetry energy compared to the measurements in 120Sn and
208Pb.

A viable option to estimate the neutron skin thickness is to
determine an interval using the largest and smallest values
predicted by those models that successfully reproduce the
experimental dipole polarizabilities in 68Ni, 120Sn, and 208Pb
(cf. Ref. [15]). The range of values so obtained is displayed
in the first column of Table I. The second column of the table

lists the average values and deviations of the neutron skin
thickness predicted by the same subset of selected EDFs. For
consistency, we also compare these results with the values
extracted using directly the αDJ -!rnp correlation, as was
originally done in Ref. [20] for the case of 208Pb. From the
correlations displayed on the right panel of Fig. 1, on the left
panel of Fig. 2, and from our previous work on 208Pb one
obtains:

αDJ =






(27 ± 15) + (570 ± 33)!rnp, for 68Ni;
(115 ± 36) + (1234 ± 93)!rnp, for 120Sn;
(301 ± 32) + (1922 ± 73)!rnp, for 208Pb .

(9)
Given that the extraction of !rnp from this correlation requires
an estimate for the value of J , we show here the results
obtained by adopting the same choice as in Ref. [20], namely,
J =31 ± 2 MeV [52,53]. This choice allows one to estimate
the neutron skin thickness of 68Ni, 120Sn, and 208Pb using
the fits displayed in Eq. (9). The resulting values for !rnp
in 68Ni, 120Sn, and 208Pb are given in the last column of
Table I. From the results displayed in Table I, we notice that
the predictions for !rnp obtained using the subset of EDFs
that reproduce the experimental electric dipole polarizabilities
of 68Ni, 120Sn, and 208Pb are within the ranges predicted
by the αDJ -!rnp correlation. This important consistency
check suggests that one could in principle use the subset of
selected EDFs to predict !rnp [see column (a) in Table I]
and then use the tight αDJ -!rnp correlation to infer a suitable
interval of values for J (see below). Note that the neutron
skin thickness of 68Ni reported in Ref. [18] from the analysis
of αD is !rnp = 0.17 ± 0.02 fm, which is also consistent
with the estimates provided in Table I. We note that in
the analysis that led to this value the authors of Ref. [18]
compared the experimental dipole polarizability to the RPA
calculations within the measured energy interval. A similar
analysis was carried out in Ref. [15] to extract the neutron skin
thickness in 120Sn from a measurement of the electric dipole
polarizability. The reported value of !rnp = 0.148 ± 0.034 fm
in 120Sn again falls within the range predicted in Table I,
although there is a slight tendency toward the upper limit. In
this regard, it is pertinent to point out a difference between
the analysis presented here and the one from Ref. [15]. In
Ref. [15] the contribution from the quasideuteron excitations
was not subtracted from the data before comparing with QRPA
calculations. Finally, for the case of 208Pb the value included
in the last column of Table I is consistent with the one reported
in Ref. [20], i.e., 0.165 ± 0.026 fm.

As noted above, from the present study on the electric dipole
polarizability in 68Ni, 120Sn, and 208Pb, we can also obtain
information on J and L by choosing the values predicted by the
selected set of EDFs that reproduce the experiment in all three
nuclei. Following this procedure one obtains the estimates

30 ! J ! 35 MeV , (10)

20 ! L ! 66 MeV . (11)

The interval for the symmetry energy is slightly larger than
the J =31 ± 2 MeV estimate extracted from a combination
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In order to estimate the sensitivity of σΔN with respect to
Δrnp and L, we calculate the cross sections using theoretical
density distributions from RMF calculations. We have
chosen for this sensitivity test the modified density-
dependent DD2 interaction which has been developed in
Ref. [31] and systematically varied in the slope parameter L,
optimizing the isovector parameters by a fit to nuclear
properties including masses and radii [32]. The same
protocol as for the DD interaction [33] has been used.
The left frame in Fig. 2 shows the predicted neutron-skin
thicknesses for the tin isotopes. The different interactions
range from L values of 25 MeV (DD2−−) to 100 MeV
(DD2þþþ) and predict accordingly different values of Δrnp
between 0.15 and 0.34 fm for 132Sn. This causes a corre-
sponding change in σR from around 2550 to 2610 mb, i.e.,
2.5%. The quantity which is most sensitive to Δrnp is σΔN ,
shown in the right panel of Fig. 2. A change from 460 to
540 mb is visible for 132Sn, i.e., a change of almost 20%.
That is, σΔN has a larger potential to tightly constrain L and
is less sensitive to imperfections of the reaction theory.
Figure 3 displays the correlation between the L value

chosen in the DD2 interaction and Δrnp calculated for 124Sn
and 132Sn. With this particular interaction, a change of L by
"5 MeV changes the calculated skin in 124Sn by around
"0.01 fm. The same change in L causes a change in σΔN by
around "5 mb, i.e., around "1%. This means that with a
determination of σΔN with a 1% accuracy both experimen-
tally and theoretically, the theoretical limit for constraining L
via comparison with DFT as discussed earlier could be
reached. The scatterings of different relativistic and non-
relativistic models with given L for the prediction of σΔN
are expected to be similar to that for Δrnp analyzed in
Ref. [17], i.e., around 10 MeV in L. A full analysis with
many relativistic and nonrelativistic models will follow in a
forthcoming article. It should be noted that the dependence

of the cross section on L is steeper for the more neutron-rich
nucleus 132Sn, providing thus an even higher sensitivity.
The remaining key point in order to relate DFT and the

corresponding symmetry-energy parameters with the mea-
sured cross sections is the accuracy of the reaction theory
and the assessment of its uncertainty. In order to do so, we
start with a parameter-free calculation that enables system-
atic improvements and tests as well as the quantification of
its uncertainty. We compare our calculations to data available
in the literature and propose sensitive measurements that will
uncover any discrepancy between experiment and theory.
Nuclear fragmentation in high-energy collisions is usually

studied via two completely disconnected theoretical models:
(a) primary fragment production due tomultinucleon removal
via nucleon-nucleoncollisions (as described above), followed
by (b) secondary fragments producedvia nucleonevaporation
due to the energy deposit in primary fragments. The second
step is highly model dependent, usually based on the Hauser-
Feshbach theory of compound-nucleus decay. The method
used in this work does not require a consideration of the
nuclear evaporation step, as the total neutron and charge
removal cross sections basically account for the completeness
of the sum over all decay channels. It is important to note that
proton or charged-particle evaporation is negligible in the
cases of 124Sn and heavier tin isotopes as discussed here. For
example, the calculated σΔN for the production of primary
fragments for 580 MeV=nucleon 124Sn incident on 12C is
σΔN ¼ 485.6 mb, while the same cross section calculated
after the evaporation stage, using traditional parameters in the
Hauser-Feshbach formalism, is σΔN ¼ 483.4 mb; i.e., less
than 0.5% of the neutron-removal cross section is transferred
to the charge-changingcross section after the primary reaction
stage. For more neutron-rich tin isotopes, the effect becomes
even smaller. Changes in the input parameters used in the
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FIG. 2. Neutron-skin thickness Δrnp (left) and corresponding
neutron-removal cross sections σΔN (right) for Sn isotopes as
predicted by RMF calculations based on variations [32] of the DD2
interaction [31]. The slope parameter L has been systematically
varied from 25 MeV (DD2−−) to 100 MeV (DD2þþþ) [32].
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FIG. 3. Relation between σΔN (top) and Δrnp (bottom) with the
slope parameter L calculated based on RMF theory for 124Sn and
132Sn. The lines indicate the sensitivity of the observables to L for
an L range of 10 MeV.
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incoming and outgoing nucleon scattering waves. The
single-particle wave function of the knocked-out neutron
was obtained as a bound state in the Bohr-Mottelson
potential [52]. The Woods-Saxon one-body potential was
used with the radial extension r0 ¼ 1.27 fm and diffuse-
ness a0 ¼ 0.67 fm parameters as a starting point, and with
the depth of the potential adjusted to match the neutron
effective separation energy throughout the study [53]. The
nonlocality correction was made to both the scattering and
bound-state wave functions by using the Perey factor [54].
The elementary p-n scattering process was described by the

nucleon-nucleon effective interaction parametrized by
Franey and Love [55]; the Möller factor [56] was intro-
duced for treating the Lorentz transformation of the p-n
cross section. The theoretical shapes were folded with the
reaction energy profile and the experimental momentum
resolution. The momentum profile of the direct 52Ca beam
contained the main information on the experimental
momentum resolution of 49.5 MeV=c (76.5 MeV=c) for
the parallel (perpendicular) component to which an addi-
tional degradation of the resolution of 1.5 MeV=c
(7.5 MeV=c) originating from the vertex position uncer-
tainty inside the target is considered. The momentum
profile of the direct 52Ca beam and the theoretical distri-
butions for 51Ca, for populating the ground state and the
3453-keVexcited state by p3=2 and f7=2 neutron knockout,
respectively, are also plotted in Fig. 2.
For the (p; pn) reaction at ∼230 MeV/nucleon incident

energy, the quasifree scattering approximation is proven to
be suitable from the observed kinematics. The PMDs relate
to the single-particle wave functions of the knocked-out
neutrons, and therefore to their rms radii [57]. We con-
ducted a variation of r0 and a0 of the Woods-Saxon
potential used for the calculation of the wave function of
the knocked-out neutron. It was found that the PMDs are
not sensitive to a0; a change of a0 by 10% (40%), causes a
PMDs width variation by less than 1% (4%). Calculations
with the Dirac phenomenology potential EDAD1 (Dirac)
[58] were also performed to estimate the impact of the
choice of potential on the PMDs; in this case, the non-
locality correction to the scattering waves was made by
multiplying them by the Darwin factor [46,59] in the Dirac
phenomenology. The folding and Dirac potentials lead to
almost identical PMDs within 4.5% for all considered
(r0,a0) combinations (Fig. 2) and therefore the choice of
potential has no significant impact on the PMDs and rms
radii study. The momentum distributions and single-
particle cross sections were calculated with FP for a range
of r0 values keeping a0 ¼ 0.67 fm. A χ2 criterion was used
and a probability analysis assuming a Gaussian probability
density function was performed in order to determine the
rms radii of the individual orbitals within our framework.
Figures 2(c) and 2(d), show the reduced χ2 distribution and

FIG. 2. Experimental parallel (a) and perpendicular (b) momen-
tum distributions of the 52Ca direct beam (dotted black line), 51Ca
ground-state (red squares), and 3453-keV state (blue circles)
population together with the theoretical curves for p-wave
(red) and f-wave (blue), with a binning of 40 MeV=c. The
calculations were performed using a folding potential (solid lines)
and the Dirac phenomenology potential (dashed lines) with a0 ¼
0.67 fm and the optimal r0 values: 1.35 fm (p wave) and 1.21 fm
(f wave). The statistical errors are marked with crosses and the
systematic errors on the absolute normalization with boxes. The
(c) and (d) panels show the reduced χ2 (upper panels), i.e.,
χ2=NDF (NDF being the number of degrees of freedom), and the
probability distribution (lower panels) for the f7=2 and p1=2

orbitals as a function of the parameter r0. Study performed for
vertex kinetic energies between 190 and 270 MeV=nucleon. See
text for details.

TABLE I. Experimental excitation energies (Eexp
ex ) with associated spin-parity assignment (Jπ) and the experimental cross sections

(σth−1n) using r0 ¼ 1.21ð5Þ fm, 1.35(10) fm, and 1.27 fm (default) for the neutron knockout from f7=2, p3=2, and p1=2 orbitals,
respectively, together with the SM prediction for the excitation energies of 51Ca (ESM

ex ) and C2SSM. The theoretical cross sections σth−1n are
calculated using the shell model C2SSM and the DWIA single-particle cross section values, σDWIA

sp . The ratio of experimental and
theoretical single-particle cross sections normalized to (2J þ 1) is given in the last column.

Eexp
ex (keV) Jπ −1n σexp−1n (mb) ESM

ex (keV) C2SSM σDWIA
sp (mb) σth−1n (mb) σexp−1n=ð2J þ 1ÞσDWIA

sp

0 3=2− p3=2 30.3(42) 0 3.7 6.5(9) 23.9(32) 1.17(23)
1720(25) (1=2−) p1=2 0.6(3) 1.620 0.1 4.8 0.5 0.06(3)
3453(20) 7=2− f7=2 22.3(24) 3.927 7.4 3.4(4) 25.0(27) 0.83(12)

PHYSICAL REVIEW LETTERS 129, 262501 (2022)

262501-4

M. Enciu et al., PRL 129 (2022)

52Ca(p,pn)

In order to estimate the sensitivity of σΔN with respect to
Δrnp and L, we calculate the cross sections using theoretical
density distributions from RMF calculations. We have
chosen for this sensitivity test the modified density-
dependent DD2 interaction which has been developed in
Ref. [31] and systematically varied in the slope parameter L,
optimizing the isovector parameters by a fit to nuclear
properties including masses and radii [32]. The same
protocol as for the DD interaction [33] has been used.
The left frame in Fig. 2 shows the predicted neutron-skin
thicknesses for the tin isotopes. The different interactions
range from L values of 25 MeV (DD2−−) to 100 MeV
(DD2þþþ) and predict accordingly different values of Δrnp
between 0.15 and 0.34 fm for 132Sn. This causes a corre-
sponding change in σR from around 2550 to 2610 mb, i.e.,
2.5%. The quantity which is most sensitive to Δrnp is σΔN ,
shown in the right panel of Fig. 2. A change from 460 to
540 mb is visible for 132Sn, i.e., a change of almost 20%.
That is, σΔN has a larger potential to tightly constrain L and
is less sensitive to imperfections of the reaction theory.
Figure 3 displays the correlation between the L value

chosen in the DD2 interaction and Δrnp calculated for 124Sn
and 132Sn. With this particular interaction, a change of L by
"5 MeV changes the calculated skin in 124Sn by around
"0.01 fm. The same change in L causes a change in σΔN by
around "5 mb, i.e., around "1%. This means that with a
determination of σΔN with a 1% accuracy both experimen-
tally and theoretically, the theoretical limit for constraining L
via comparison with DFT as discussed earlier could be
reached. The scatterings of different relativistic and non-
relativistic models with given L for the prediction of σΔN
are expected to be similar to that for Δrnp analyzed in
Ref. [17], i.e., around 10 MeV in L. A full analysis with
many relativistic and nonrelativistic models will follow in a
forthcoming article. It should be noted that the dependence

of the cross section on L is steeper for the more neutron-rich
nucleus 132Sn, providing thus an even higher sensitivity.
The remaining key point in order to relate DFT and the

corresponding symmetry-energy parameters with the mea-
sured cross sections is the accuracy of the reaction theory
and the assessment of its uncertainty. In order to do so, we
start with a parameter-free calculation that enables system-
atic improvements and tests as well as the quantification of
its uncertainty. We compare our calculations to data available
in the literature and propose sensitive measurements that will
uncover any discrepancy between experiment and theory.
Nuclear fragmentation in high-energy collisions is usually

studied via two completely disconnected theoretical models:
(a) primary fragment production due tomultinucleon removal
via nucleon-nucleoncollisions (as described above), followed
by (b) secondary fragments producedvia nucleonevaporation
due to the energy deposit in primary fragments. The second
step is highly model dependent, usually based on the Hauser-
Feshbach theory of compound-nucleus decay. The method
used in this work does not require a consideration of the
nuclear evaporation step, as the total neutron and charge
removal cross sections basically account for the completeness
of the sum over all decay channels. It is important to note that
proton or charged-particle evaporation is negligible in the
cases of 124Sn and heavier tin isotopes as discussed here. For
example, the calculated σΔN for the production of primary
fragments for 580 MeV=nucleon 124Sn incident on 12C is
σΔN ¼ 485.6 mb, while the same cross section calculated
after the evaporation stage, using traditional parameters in the
Hauser-Feshbach formalism, is σΔN ¼ 483.4 mb; i.e., less
than 0.5% of the neutron-removal cross section is transferred
to the charge-changingcross section after the primary reaction
stage. For more neutron-rich tin isotopes, the effect becomes
even smaller. Changes in the input parameters used in the
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FIG. 2. Neutron-skin thickness Δrnp (left) and corresponding
neutron-removal cross sections σΔN (right) for Sn isotopes as
predicted by RMF calculations based on variations [32] of the DD2
interaction [31]. The slope parameter L has been systematically
varied from 25 MeV (DD2−−) to 100 MeV (DD2þþþ) [32].
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FIG. 3. Relation between σΔN (top) and Δrnp (bottom) with the
slope parameter L calculated based on RMF theory for 124Sn and
132Sn. The lines indicate the sensitivity of the observables to L for
an L range of 10 MeV.
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Figure 1: (color online) Top panel: Nucleon-nucleon cross

sections as a function of the beam energy. Bottom panel:

Total reaction cross sections for
12
C on

12
C as a function of the

laboratory beam energy. The blue points display data from

Refs. [27](100� 400 MeV/nucleon), [28] (790 MeV/nucleon),

and [29] (950 MeV/nucleon). Black triangles are the result

from an parameter-free eikonal calculation in the optical limit

including a correction for Coulomb deflection, while the red

diamonds include additionally the e↵ect of Pauli blocking [30].

Frage: np pp italic oder nicht?

L and is less sensitive to imperfections of the reaction
theory.
Figure 3 displays the correlation between the L value

chosen in the DD2 interaction and the neutron-skin thick-
ness calculated for 124Sn and 132Sn. With this particular
interaction, a change of L by ±5 MeV changes the calcu-
lated skin in 124Sn by around ±0.01 fm. The same change
in L causes a change in the neutron-removal cross section
by around ±5 mb, i.e., around ±1%. It should be noted
that the dependence of the cross section on L is steeper
for the more neutron-rich nucleus 132Sn providing thus
a higher sensitivity. In order to reach the constraint on
L of 10 MeV limited by the model dependence of the
method as estimated in Ref. [19], an accuracy of better
than 2% for the determination of this cross section should
be reached assuming an accurate reaction theory.
Uebergang... accuracy uncertainties.
Nuclear fragmentation in high-energy collisions is usu-

ally studied via two completely disconnected theoretical
models: (a) primary fragment production due to multi-
nucleon removal via nucleon-nucleon collisions (as de-
scribed above), followed by (b) secondary fragments pro-
duced via nucleon evaporation due to the energy deposit
in primary fragments. The second step is highly model
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Figure 2: (color online) Predicted neutron-skin thickness (left

panel) and corresponding total neutron-removal cross sections

(right panel) for various Sn isotopes by relativistic-mean field

calculations based on variations [37] of the DD2 interaction

[36]. The slope parameter L has been systematically varied

from 25 MeV (DD2
��

) to 100 MeV (DD2
+++

) [37].
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Figure 3: (color online) Relation between neutron-removal

cross section (top) and neutron-skin thickness (bottom) with

the slope parameter L calculated based on RMF theory, as

shown in Figure 2 for
124

Sn and
132

Sn. The lines are drawn

to guide the eye and show the sensitivity of the observables

to L for a L-range of 10 MeV.

dependent, usually based on the Hauser-Feshbach the-
ory of compound-nucleus decay. The method used in
this work does not require a consideration of the nuclear
evaporation step, as the total neutron and charge removal
cross sections basically account for the completeness of
the sum over all decay channels. It is important to note

T. Aumann, C.A. Bertulani, F. Schindler, 
S. Typel, PRL 119 (2017)

Radioactive nuclei: 
Neutron removal cross section: GSI/FAIR
(p,p) + (e,e’): RIBF
(p,p) + isotope shift: FAIR, RIBF, FRIB

Stable nuclei: 
(e,e’) asymmetry: PREX at JLAB
(p,p) + (e,e’): RCNPS. TERASHIMA et al. PHYSICAL REVIEW C 77, 024317 (2008)

FIG. 9. Point nucleon density distributions for tin isotopes. Solid
lines show point proton density distributions. Dashed lines show
best-fit neutron density distributions. Hatched areas represent the
error envelopes encompassing all the trial SOG neutron density
distributions deduced by the modified effective interaction. Not only
statistical and experimental errors but also systematic errors from the
model dependence contribute to these regions.

masked by the uncertainties of our introduced medium effects
in this analysis. Also, the coupled-channel effect might be
partly included in our parametrization because we aimed to
phenomenologically reproduce the experimental data. Thus,
the effect of the coupled-channel is negligible and was not
included explicitly in our analysis.
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FIG. 10. Coupled-channel effect of 58Ni at 295 MeV. Solid lines
show the coupled-channel calculation between the ground state and
the first 2+ state. Dashed lines show the calculation without the
coupled-channel effect. The global potential was used as the optical
potential.

FIG. 11. RMS radii of point proton and neutron of tin isotopes.
Solid, dotted, and dashed lines show the results of theoretical
calculations using typical mean-field models: RMF with NL3 [31]
and SHF including BCS force with SIII [32] and with SkM∗ [37],
respectively.

IV. RESULTS AND DISCUSSION

We have obtained the uncertainties of neutron density
distributions considering statistics, systematic experimental
errors, the uncertainties of the modification parameters, and
our model, as shown in Fig. 9. Therefore the differences among
the deduced shapes of the neutron density distributions of tin
isotopes gradually changes. However the deduced RMS radii

FIG. 12. Neutron skin thicknesses of tin isotopes obtained by
various methods. Our results are indicated by solid squares. Results
from proton elastic scattering at 800 MeV [9], giant dipole resonance
[38], spin dipole resonance [39], and antiprotonic x-ray data [33] are
shown by open triangles, open diamonds, open crosses, and open
squares, respectively. The lines represent the models described in
Fig. 11.
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Total neutron-removal cross section

PROTON ELASTIC SCATTERING FROM TIN ISOTOPES . . . PHYSICAL REVIEW C 77, 024317 (2008)

FIG. 2. Differential cross sections and analyzing powers for
proton elastic scattering from tin isotopes. The solid lines show the
results of RIA calculations with the default parameters proposed by
Murdock and Horowitz [15] and the RMF densities [16], and the
dashed lines show calculations using the global potential [17,18].

Love-Franey interaction [15]. The invariant amplitude has
been determined from nucleon-nucleon phase shifts and is
expressed as

F (q) = FS + FV γ
µ
(0)γ

µ
(1) + FPSγ 5

(0)γ
5
(1)

+FT σ
µν
(0) σ(1)µν + FAγ 5

(0)γ
µ
(0)γ

5
(1)γ(1)µ. (1)

Each amplitude is shown as the sum of real and imaginary
amplitudes using the masses, coupling constants, and cutoff
parameters of exchanged mesons.

Figure 2 shows the experimental results for five tin isotopes
and two different theoretical results. The solid lines in Fig. 2
are the results of RIA calculations with the default parameters
proposed by Murdock and Horowitz [15] and the relativistic
mean field (RMF) densities [16]. The dashed lines are the
calculations using the global potential [17,18]. While both
calculations are in good agreement with the experimental
data obtained from the analyzing powers, the differential
cross sections are overestimated, particularly in the large-
momentum-transfer region. Murdock and Horowitz [15] used
different masses and coupling constants for real and imaginary
scattering amplitudes, depending on the interaction. In our
previous work, we attempted to explain the experimental data
by phenomenologically changing the masses and coupling
constants of exchanged mesons (σ,ω) in the real and the
imaginary amplitudes depending on the nuclear density. The
formula for density dependence is as follows:

g2
j , ḡ

2
j −→

g2
j

1 + aj ρ(r)/ρ0
,

ḡ2
j

1 + āj ρ(r)/ρ0
(2)

mj, m̄j −→ mj [1 + bj ρ(r)/ρ0], m̄j [1 + b̄j ρ(r)/ρ0],

RMF + RIA

RMF + RIA
  (medium effect)
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FIG. 3. Experimental data for 208Pb measured at TRIUMF [20]
at 300 MeV. Dashed lines show the results of the original RIA calcu-
lations using RMF densities [16]. Solid lines show the calculations
based on the modified effective interaction using RMF densities.

where mj, m̄j , gj , and ḡj indicate the masses and coupling
constants of mesons for real and imaginary amplitudes,
respectively, where j refers to the σ,ω mesons. The normal
density ρ0 is 0.1934 fm−3 [11,19]. These changes in the masses
and coupling constants are called medium effects and may be
an effect of the presentations of the partial restoration of chiral
symmetry, Pauli blocking, and multistep processes. The tuned
effective interaction is applied to existing 208Pb data obtained
at TRIUMF [20] with a density distribution calculated from
the RMF in Fig. 3. It was found that the tuning of the effective
interaction was meaningfully improved compared with the
original unmodified interaction.

For the RIA calculation, we need four density distributions:
the vector and scalar density distributions of protons and
neutrons. The proton density distribution and the relation
between the scalar and vector density can be obtained from
the charge distributions, the nucleon electric form factors, and
the RMF calculation. Thus, we can determine the neutron
density distribution by comparing experimental data with a
calculation using the tuned effective interaction.

In this article, we attempt to extract neutron density distri-
butions for tin isotopes, considering the various ambiguities
caused by the modification parameters used in the RIA
calculation, the proton form factors, and an assumption based
on scalar densities.

A. Proton density distributions of tin isotopes

For the RIA calculations we used point proton density
distributions derived from charge distributions observed in
electron scattering experiments [1]. We used the sum-of-
Gaussian-type (SOG) charge distributions of 116,124Sn, which

024317-3
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TABLE II. OM parameters obtained by fitting elastic scattering
data. Also listed are the B(E2) values for the corresponding 2+

1 states
from Refs. [53,54].

Target V (MeV) W (MeV) aI (fm) RI (fm) B(E2) (e2b2)

112Sn 33.9 31.7 0.60 1.02 0.24
120Sn 33.4 33.0 0.63 1.01 0.20
124Sn 34.0 33.5 0.61 1.02 0.17

DOLFIN [49]. We use the transition densities and sum rules
for various multipolarities described in Refs. [13,50,51]. The
radial moments were obtained by numerical integration of
the Fermi mass distribution with the parameter values from
Ref. [52] (listed in Table I).

The optical-model (OM) parameters, viz., the real part of
the potential [VF (r)], the Woods-Saxon type imaginary part
of potential (W ), the reduced radius (RI ), and the diffuseness
(aI ) in Eq. (2) were determined by fitting the differential cross
sections of elastic α scattering measured for 112Sn, 120Sn,
and 124Sn in a companion experiment; the results are listed
in Table II. The OM fits to the elastic scattering data for
112Sn, 120Sn, and 124Sn, are shown in Figs. 4(a), 5(a), and
6(a), respectively. To test the efficacy of the OM parameters,
DWBA calculations were carried out for the first 2+ states
in these nuclei using a collective form factor and previously
established B(E2) values obtained from Refs. [53,54] (also
listed in Table II). Figures 4(b), 5(b), and 6(b) compare
the results of these calculations with the experimental data;
indeed, the DWBA calculations reproduce the experimental
differential cross sections for the 2+

1 states well without any
normalization.

The contribution of the IVGDR excitation to the measured
cross sections was subtracted prior to multipole decomposi-
tion. Cross sections for exciting the IVGDR were obtained with
DWBA calculations on the basis of the Goldhaber-Teller model

FIG. 4. (a) Ratio of the elastic α-scattering cross sections to the
Rutherford cross sections for 112Sn at 386 MeV. (b) Differential cross
sections for excitation of the 2+

1 state in 112Sn. The solid lines are the
results of the folding-model calculations.

FIG. 5. Same as Fig. 4, except for 120Sn.

FIG. 6. Same as Fig. 4, except for 124Sn.

FIG. 7. Angular distribution of 1-MeV bins centered at Ex =
16.5 MeV for 112Sn(α,α′) and 124Sn(α,α′). The solid squares are the
experimental data and the solid lines are the MDA fits to the data. Also
shown are the contributions to the fits from L = 0 (dashed line), L =
1 (dotted line), L = 2 (dash-dotted line), and L = 3 (small-dashed
line) multipoles, as well as from the IVGDR (dash-dot-dotted line).

034309-4

ISOSCALAR GIANT RESONANCES IN THE Sn NUCLEI . . . PHYSICAL REVIEW C 81, 034309 (2010)

FIG. 8. Same as Fig. 7 except for the 25.5-MeV energy bin
(see text).

and using the strength distribution obtained from photonuclear
work [55].

Figures 7 and 8 show the MDA fits to the experimental
angular distributions of the differential cross sections for the
16.5- and 25.5-MeV energy bins in the inelastic-scattering
spectra of 112Sn and 124Sn, respectively, along with the
contributions from the L = 0, 1, 2, and 3 multipoles. The
ISGMR contribution is dominant in comparison to the other
multipoles at Ex = 16.5 MeV. On the other hand, the ISGDR
is the dominant contributor at Ex = 25.5 MeV.

IV. RESULTS AND DISCUSSION

We have extracted strength distributions for L = 0, 1, 2, and
3 multipoles over the energy range 8.5–31.5 MeV in all the
Sn isotopes investigated in this work. These are displayed in
Figs. 9, 10, 11, and 12, respectively. The strengths are related
to the coefficients aL in Eq. (1) as (see Refs. [13,51]):

S0(Ex) = 2h̄2A〈r2〉
mEx

a0(Ex), (4)

S1(Ex) = 3h̄2A

32πmEx

(11〈r4〉 − 25
3

〈r2〉2 − 10ε〈r2〉)a1(Ex),

(5)

SL!2(Ex) = h̄2A

8πmEx

L(2L + 1)2〈r2L−2〉a2(Ex), (6)

where m, A, and 〈rN 〉 are the nucleon mass, the mass
number, and the N th moment of the ground-state density,
and ε = (4/E2 + 5/E0)h̄2/3 mA; E0 and E2 are the centroid
energies of the ISGMR and the ISGQR and have been taken
as 80 A−1/3 MeV and 64 A−1/3 MeV, respectively.

It should be noted that although we employed calculated
DWBA cross sections with up to L = 7 in the MDA fitting
procedure, it was not possible to reliably extract the strength
distributions for L ! 4 because of the limited angular range
(0◦–9◦). Further, there is a small, near-constant ISGMR
and ISGQR strength up to the highest excitation energies
measured in this experiment. The raison d‘être of this extra

FIG. 9. (Color online) ISGMR strength distributions obtained
for the Sn isotopes in the present experiment. Error bars represent
the uncertainties from fitting the angular distributions in the MDA
procedure. The solid lines show Lorentzian fits to the data.

strength is not quite well understood. However, similarly
enhanced E1 strengths at high excitation energies were noted
previously [29,30] and have been attributed to contributions
to the continuum from three-body channels, such as knockout
reactions [44]. These processes are implicitly included in the
MDA as background and may lead to spurious contributions
to the extracted multipole strengths at higher energies where
the associated cross sections are very small. This conjecture is
supported by measurements of proton decay from the ISGDR
at backward angles wherein no such spurious strength is
observed in spectra in coincidence with the decay protons
[31,56–58]; quasifree knockout results in protons that are
forward peaked. A similar increase in the ISGMR strength

TABLE III. Lorentzian-fit parameters for the ISGMR strength
distributions in the Sn isotopes, as extracted from MDA. The quoted
EWSR values are from the fitted Lorentzians. The results from the
TAMU work (from Gaussian fits), where available, are provided for
comparison [19,21].

Target EISGMR (MeV) # (MeV) EWSRa Reference

112Sn 16.1 ± 0.1 4.0 ± 0.4 0.92 ± 0.04 This work
15.67+0.11

−0.11 5.18+0.40
−0.04 1.10+0.15

−0.12 TAMU
114Sn 15.9 ± 0.1 4.1 ± 0.4 1.04 ± 0.06 This work
116Sn 15.8 ± 0.1 4.1 ± 0.3 0.99 ± 0.05 This work
118Sn 15.6 ± 0.1 4.3 ± 0.4 0.95 ± 0.05 This work
120Sn 15.4 ± 0.2 4.9 ± 0.5 1.08 ± 0.07 This work
122Sn 15.0 ± 0.2 4.4 ± 0.4 1.06 ± 0.05 This work
124Sn 14.8 ± 0.2 4.5 ± 0.5 1.05 ± 0.06 This work

15.34+0.13
−0.13 5.00+0.13

−0.53 1.06+0.10
−0.20 TAMU

aOnly statistical uncertainties are included; systematic errors, mostly
from DWBA calculations, are ∼15%.
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Short-range correlations in heavy nuclei 

Disentangling asymmetry and mass effects 
12,16C measured 2022 
Proposed: 110,120,132Sn

 
 

 

Figure 1: Results from Jefferson Laboratory [2, 9]. The location of the nuclei measured at R3B in 2022 and proposed for FAIR 
First Physics are shown with bands (green and orange). 

 
Beam & setup 
We will employ proton-induced pair (pN) break-up reactions of Sn beams on a liquid hydrogen target 
as ASn(p,2pN) A-2*. The R³B setup allows to measure SRC properties in a fully-exclusive manner, 
including all the reaction fragments with pair-recoil nucleons and excited A-2* systems.  
FAIR with R³B at the Super-FRS will be the only facility world-wide that can perform such an 
experiment with the kinematical requirements as it provides highest beam intensities of most 
neutron-rich heavy nuclei at beam energies above 1 GeV/nucleon. 
Given our previous experience, we estimate a needed beam intensity of ~103-4 pps to run the proposed 
SRC experiment on multiple nuclei within about two weeks.   
The most neutron-rich 132Sn can be produced via Coulomb fission at a rate of several 103 pps using a 
primary beam of 238U at 109 pps impinging on 2.5 g/cm² Pb target, with a total beam rate of ~104 pps. 
Both 110Sn and 120Sn can be produced with good purity at ~104 pps in fragmentation with a primary 
beam of 136Xe at 109 pps impinging on 2.5 g/cm² Be target. Primary beam energies will be chosen to 
receive a secondary beam at 1 GeV/nucleon in the R³B cave. The primary 136Xe can be usefully 
employed to commission the setup as well.  
To run the experiment, we envision a setup similar to the one of the successful experiments in 2022, 
that is sketched in Fig. 2. The statistics that can be largely improved when the FOOT silicon tracker is 
replaced by its upgrade, allowing higher efficiency and counting rate. Furthermore, to cope with the 
higher energy loss and straggling of Z~50 isotopes compared to the light isotopes of the 2022 
campaign, GLAD and the fragment arm should be in vacuum, similar to what has been done in the 
S545 experiment. 
GSI/FAIR accelerator, delivering unstable beams in the GeV/nucleon energy range, and the 
kinematically complete R3B setup have world unique features making this kind of measurement 
possible. 
Part of this measurement can be profitably combined with the one already proposed by J.Benlliure 
and collaborators.  

Corsi, Kahlbow et al.

ASn(p,2pN )

Needs Si tracker
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The role of fission in the r-process nucleosynthesis taking place in neutron star mergers seems to

be rather  well  established [11].  Lanthanide abundances could  be influenced by  residual  nuclei

produced in fission recycling while neutrons from fission may impact the overall abundance pattern

[12]. Moreover, nuclear heating by fission can contribute to kilonova light curves [13].  

Despite the impressive progress in the investigation of fission during the last decade, and their

accepted impact in neutron star mergers nucleosynthesis, only fission of stable or neutron-deficient

nuclei has been investigated so far, while any investigation on fission of neutron-rich nuclei is based

in model calculations showing important discrepancies in their predictions [11-13].

Figure 1. Table of nuclides showing the measured Z (red) and A (green) fission yields in actinides and pre-

actinides together with the neutron-rich (dark blue circles and dots) and other nuclei (light blue circles) that can

be investigated at FAIR.

2. Proposed measurements.

Figure 1 depicts the fission yields of actinides and pre-actinides with N>117 measured until now.

Red distributions correspond to Z-yields, and for many of them also N-yields, measured at GSI.

Green distributions are A-yields. As shown, all  investigated nuclei so far are stable or neutron-

deficient  ones.  Dark-blue  circles  in  the  figure  are  neutron-rich  fissioning  nuclei  that  can  be

investigated at FAIR during the different operation phases: early science (solid circles), first science

(dashed circles), and full FAIR (dotted circles). 

For all these nuclei, fission could be induced in quasi-free scattering reactions giving access to the

excitation  energy  of  the  fissioning  nuclei  and  providing  information  on  fission  barriers  and  the

investigation of many fission properties (fission yields, energy sharing between fragments,…) as

function of the excitation energies. Nuclei indicated by dots could also be investigated using Coulex-

induced fission reactions.

Nuclei indicated by light-blue circles are neutron-deficient species of interest that could also be

investigated at FAIR.

2

Benlliure, Taib et al.

Fission of unstable nuclei:  
Quasi-free scattering A(p,2p)fission 
Determination of excitation energy and 
     fission barriers from missing mass 
-> r-process

Needs Si tracker
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Follow-up Hyper-nuclei program with HYDRA 
TDR of full-size TPC in GLAD ready in 2024, construction budget not yet secured 
Letter of Intent for R3B First Science in preparation 

https://hypernuclei.kph.uni-mainz.de/ E. Hiyama et al., PRC 53 (1996)

Obertelli, Duer et al.


