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Nuclear EOS

• strong linear 

correlation between 

neutron-skin thickness 

and parameters (J, L)

S. Typel and B.A. Brown,   

Phys. Rev. C 64 (2001) 
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	 3	

 
Figure 1. Upper left: The neutron-skin thickness ∆rnp of 

208
Pb vs. the derivative of the neutron EOS ∂E(ρ)/∂ρ at ρ=0.1/fm

3
. 

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 
208

Pb 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 
68

Ni 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 
208

Pb 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 
208

Pb, 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 αD J 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 thechargedensity ismoreeffectively removed by
analyzing APV vs rn rp . Actually, the correlation of APV

and rnp is implicit in theBA. That is, expanding Eq. (2) at

q ! 0 yields FnðqÞ=FpðqÞ! 1 ðrn þ rpÞðrn rpÞq
2=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 thebest-fit line and that theconfidence
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 thesame 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, webelieveour results firmly back the commis-
sioning of an improved PREX run where APV can be
measured moreaccurately. Thepresent 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 asit isbased 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
thedatadeduced from theantiprotonic 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 thenuclear equation of statederived
from observed masses and radii of neutron stars suggests a
similar range 0.14–0.20 fm [24,28].

Finally, weanalyze how PREX can constrain thedensity
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

L ¼64 39MeV. While the central value depends on
our test assumption APV ¼ 0:715 ppm, the spread follow-
ing from adetermination of APV to 3% accuracy essentially
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FIG. 2 (color online). Same as Fig. 1 against the neutron skin
of 208Pb. The linear fit is 107APV ¼ 7:88 3:75 rnp . The

correlation is found to bequite stable; for example, if we remove
the forces excluded by the depicted test constraint, then
r ¼ 0:990. The figure also shows the points calculated with
the neutron densities deduced from experiment in Refs. [2,3,5].
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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 haveto berevised to someextent. 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 anew 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 theseproperties. Weinvestigated 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 hasvery 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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Figure1.3: Left : Theneutron-skin thickness∆ rnp in 208Pb vs. thederivat iveof theneutron EoS

@En (⇢n)/ @⇢n at ⇢= 0.1 1

fm3 . The correlat ion between both quant it ies is emphasized by a linear

fit . The calculat ions [Bro00, Typ01] are based on Skyrme interact ions (closed symbols) and

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

theslopeparameter L calculated for di↵ erent nonrelat ivist ic (open circles) and relat ivist ic (open

diamonds) models. Thefigure 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 correlat ion between the derivat ive of the neutron EoS and the neutron-skin thick-

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

Skyrme interact ions. The neutron-skin thickness in 208Pb vs. the derivat ive 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.

Relat ivist ic mean-field calculat ions 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 interact ion 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 interact ions and relat ivist ic mean-field models are represented

by open circles and diamonds respect ively. Early versions of relat ivist ic mean-field approaches,

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

changes drast ically 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-

terizat ions of the relat ivist ic 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 relat ion in Figure 1.3, measurements of the neutron skin-thickness would

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

constrain thesymmetry-energy slopeparameter. However, theextract ion of this quant ity is not

8
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EOS from Pygmy Dipole Resonance

RQRPA (DD-ME2, 

a4=30-38 MeV)

132Sn
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• RQRPA calculations provide correlation 

between the measured PDR strength and the 

neutron skin thickness

P. Adrich et al., PRL 95, 132501 (2005)

GDR  Breit-Wigner

PDR  Gaussian

• Requires assumption of a specific line-shape 

of PDR and GDR

• Photoabsorption c.s. not very sensitive to 

low-lying E1 strength
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Selecting a better experimental observable
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Dipole polarizability

Experiment: 

S. Tamii et al., 

PRL 107 (2011)

Theory: 

P.-G. Reinhard and 

W. Nazarewicz, 

PRC 81 (2010)

X. Roca-Maza et al., PRC 88 (2013) 024316 X. Roca-Maza et al., PRC 92 (2015) 064304

Experiment: 

RCNP: A. Tamii et al.

GSI: D. Rossi et al.,

PRL 111 (2013) 
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Dipole polarizability in n-rich Sn

• Experiment in 2012

• Production of 128-134Sn

• Measurement above and 

below neutron threshold

• Analysis still in progress
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GLAD: Installation in Cave C in 2016
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CALIFA: CALorimeter for In Flight detection of gamma 

rays and high-energy charged pArticles

CALIFA barrel:

• Total of 1952 CsI(Tl) crystals (1152 in front half)

• 896 crystals expected to be ready end of 2018

• CEPA (CsI(Tl)): fully funded, first 

module built

• iPhos (LaBr3/LaCl3): 75% funded
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NeuLAND

double plane 11 during bar mounting

NeuLAND detector parameters:

full active detector using RP/BC408

face size 250x250 cm2

active depth 300 cm

3000 scintillator bars + 6000 PMTs

32 tons

σx,y,z ≈ 1cm & σt < 150 ps

Design goals:

>90% efficiency for 0.2-1.0 GeV neutrons

multi-hit capability for up to 5 neutrons

invariant mass resolution down to 

∆E < 20 keV at 100 keV above thr. 

Courtesy of K. Boretzky
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NeuLAND

neutrons

heavy fragments

protons

light fragments

Tracking 

Detectors

simulation prediction: reconstruction 

efficiency of the order of 20% for 3 n, 10 % 

for 4 n  (600 MeV, preliminary)

NeuLAND demonstrator back from 
RIKEN after participation in 
9 experiments, incl. studies of  light 
exotic systems (4 n) up to EOS of heavy 
tin systems

SAT test of in-house 

developed NeuLAND

electronics underway:

• multichannel front-end 

electronic card TAMEX for 

high-resolution time and 

charge measurements

NeuLAND Phase 0 

• 130 cm active 

depth

• 2600 channels     

>40% detector

Courtesy of K. Boretzky
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Tracking Detectors: TOF Wall

• Size: 120 x 100 cm²

• Total of 176 paddles, arranged into 4 layers

• No light guide, PMT R8619 coupled directly to scintillator

• Movable holding structure to sweep TOF wall across beam

Z separation s E < 1%

A separation s t < 38 ps

Rate 1 MHz

Courtesy of M. Heil
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Total n-removal cross section measurement

• We use RMF DD interactions with systematic variation of L 

• n-skin changes accordingly by about 0.19 fm for 132Sn

• Total reaction cross section changes only by 2.5%

• Total neutron-removal cross section changes by about 20%

Variation dL = ±5 MeV → dDrnp ≈ ±0.01 fm and dsDN ≈ ±1%

→ sDN very sensitive, limit given by DFT predictions reached

• But: relation of sDN to L or Drnp needs reaction theory !
Relativistic Mean Field Theory (DD2): 

S. Typel, Phys. Rev. C 89, 064321 (2014) 
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Reaction theory

- Collective (Coulomb + nuclear) excitation (of giant resonances) + neutron evaporation: 

for Sn                                               

⇒ has to be determined experimentally 

⇒ Relation 𝜎𝛥𝑁 ⇔ L

⇒ Task: Testing and quantifying uncertainties of Eikonal reaction theory

Experiment (4 independent measurements):

Glauber/Eikonal theory

Neutron angular 

distributions

Input

NeuLAND

acceptance
⟷

Bertulani, Danielewicz, Introduction to Nuclear Reactions (CRC Press, London, 2004)

DN
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Test of Eikonal reaction theory

Test with energy dependence of 12C + 12C total 

reaction cross section

Parameter-free Eikonal prediction overestimates 

cross sections

Expected deviations due to:

1) In-medium effects: Pauli blocking

2) Fermi motion 

3) Higher-order

4) Collective excitations

Taking into account Pauli blocking: 
C.A. Bertulani, C. De Conti, PRC 81 (2010)

Higher-energy data point overestimated by ≈2%

Theoretical improvements needed 

But: 

only three data points in the range 0.4 to 1.2 GeV/u

→ Precise data needed incl. energy dependence

T. Aumann et al., PRL 119, 262501 (2017)
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FAIR Phase-0 experiment

	 8	

4. Set-up and technical requirements 

Figure	5.	Schematic	drawing	of	the	R3B	setup	in	Cave	C.	In	the	centre,	the	big	super-conducting	large-acceptance	dipole	
GLAD	 is	visible	with	 its	vacuum	chamber	behind.	The	 target	 is	 surrounded	 by	a	Si	 tracker	 inside	 the	CsI	array	CALIFA	
(yellow).	Heavy	projectile-like	fragments	are	deflected	by	about	18°	and	detected	around	12	m	downstream	of	the	target	
by	 various	 position-,	 energy-,	 and	 time-of-flight	 measurements.	 Neutrons	 are	 detected	 around	 zero	 degree	 with	 the	
NeuLAND	neutron	detector.	

The proposed experiment will use the standard Phase-0 configuration of R3B as schematically shown 

in Figure 5. The incoming rare isotopes are identified and tracked and achromatically focused on the 

reaction target. The target is surrounded by a silicon-detector array covering the angular range of about 

7° to 80° situated inside the CALIFA vacuum chamber. CALIFA is a highly granular CsI array for 

detecting photons and charged particles (yellow frame in Figure 1) and will be available partly already 

in 2018. The silicon array will be fully available. Charged particles in forward direction (including 

heavy fragments and evaporated protons) will be bend by the superconducting dipole GLAD and 

tracked and identified. The heavy beam-like fragments and the beam are deflected by about 18° and 

kept in vacuum up to the final detection system about 12 m downstream the target. Charged particles 

with lower magnetic rigidity (as protons) are detected at larger bending angles inside the GLAD 

vacuum chamber (see Figure 5). The momentum acceptance of the heavy-fragment arm (beam pipe 

behind GLAD vacuum chamber) amounts to about 25% and provides a relative momentum resolution 

of 10
-3

 and a similar resolution for bg from time of flight. Neutrons are detected with an angular 

acceptance of ±80 mrad around zero degree with the NeuLAND neutron detector (12 to 13 double 

planes will be alrady available in 2018). 

The combination of a large-acceptance spectrometer with high resolution in conjunction with neutron 

detection is key for the proposed measurement. Total cross sections can be measured by measuring the 

attenuation of the beam (absorption method) and actively by the detection of all events where the 

beam undergoes a reaction. Due to the very large acceptance of the device, no acceptance corrections 

have to be done, which is important for reaching the high precision of <1% envisaged in this 

measurement. Finally, the contribution of collective excitations to the cross section is determined with 

NeuLAND with an average efficiency for the detection of one- to three-neutron events (as required in 

the propose experiment) of 20%. 

The experiment requires a commissioning of R3B prior to the main run, in particular full 

commissioning of GLAD and the tracking system, and an efficiency calibration of NeuLAND as 
requested in the R3B commissioning proposal. 

 

5. Rate estimates and beam-time request 

Secondary beams 

The secondary beams 
132,134

Sn will be produced by 
238

U fission at the FRS using a Be production 

target. We assume a primary beam intensity of 2´10
9
/cycle as recommended by the GSI accelerator 

division. Since the expected total rate in this setting will be rather low, we will use a SIS18 spill 

extraction with 1 sec duration resulting in an average 
238

U intensity of 10
9
/sec. The expected 

Measured quantity Method Uncertainty

Absorption <1%

DE after target <1%

Mass spectrum 1%

(A-x) fragment + x neutrons <5%

1-2% 

NeuLAND:

Measure collective cross section 

up to three-neutron decay

Fragment spectrometer GLAD:

Acceptance 15%

(up to 13 neutron removal)

Resolution (sigma): dA/A = 0.12, dZ/Z = 0.10

→ Theory

→ n-skin

→ L

T. Aumann, C.A. Bertulani, 

F. Schindler, S. Typel, 

PRL 119 (2017)
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Summary

• Dipole polarizability data analysis still ongoing for n-rich 

Sn isotopes

• Key detectors for polarizability studies will be finalized and 

commissioned in the near future

• Cross section measurements for EOS studies already 

planned for FAIR Phase-0
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