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Outline

• Introduction

• EOS, symmetry energy and observables

• Dipole polarizability and how to measure it

• Influence of decay and detector response

• Dipole polarizability of 68,70Ni (above n threshold)

• E1 strength of 132Sn below n threshold

• Outlook:

• Improving setup response

• Using charge radii to constrain the symmetry energy
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Nuclear Equation of State

• Two extremes:

• a = 0: symmetric matter

• a = 1: neutron matter

• Symmetry energy: difference 

between symmetric and 

neutron matter, at a given 

density

• Good experimental 

constraints for symmetric 

nuclear matter exist 

(experiments with stable 

nuclei)
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Nuclear symmetry energy parameters

• Symmetry energy J (at saturation density) is

reasonably well constrained (masses, 

reactions, giant resonances, n-stars) between

30 and 35 MeV

• Slope parameter L still elusive

• 20 MeV ≤ L ≤ 120 MeV
𝑆 𝜌 = 𝐽 − 𝐿

𝜌 − 𝜌0
3𝜌0

+ 𝒪 𝜌2
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Choosing the “right” observable

• Calculations provide correlation matrices of various EOS parameters and observable 

quantities

• Identify parameter/observable pairs with strongest possible correlations
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Choosing the “right” observable

• Example of Rn,p vs. L correlation

• Skyrme, Gogny and RMF families show same linear correlation

• Reduced model dependence by considering multiple 

interaction families at same time

• Provides theoretical uncertainty in addition to experimental one
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Why use unstable isotopes for EOS studies?

• Possibility to change asymmetry (𝑁−𝑍
𝐴

) over a 

much smaller mass range

• Study isotopic or isotonic chains (only change 

either N or Z)
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• Some nuclear effects only appear beyond a 

certain asymmetry

 Add a second degree of freedom in choice 

of nucleus 
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Dipole polarizability

• Dipole polarizability and n-skin thickness of 

various interaction families each have own 

linear correlation

• The product aD*J reveals a less model-

dependent correlation
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Dipole polarizability of 208Pb

Measured aD up to 20 MeV: 18.9(13) fm3/e2

Extrapolated value up to 130 MeV: 20.1(6) fm3/e2
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Measuring E1 strength in unstable nuclei

• Short lifetime of projectile  requires experiment in inverse kinematics

• Heavy-ion-induced electromagnetic excitation, via the virtual photon approach

• Reconstruction of excitation energy (using invariant mass) of each event requires detection of ALL 

participating species (identification and momentum):

 Requires high-efficiency and high-resolution neutron and gamma detectors (for n-rich nuclei)
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GSI and FAIR complex

R3B location today

R3B location >202x
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R3B Overview

neutrons

heavy fragments

protons

light fragments

g-rays

protons

NeuLAND

CALIFA

Si Tracker

Tracking 

Detectors

GLAD

Reactions with Relativistic Radioactive Beams

Coulex,

QFS,

Transfer rx.,

Fragmentation,

Fission, …
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Determine full aD for 68Ni

• Measurement from Sn up to 28.4 MeV

• Expand integration range from 7.792-28.4 MeV to 

0-140 MeV

• Use Breit-Wigner tails from fit to data to extrapolate 

E1 strength beyond measurement range

• Reflect extrapolation in total error

aD = 3.88(31) fm3
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Influence of decay properties

A

A-1 + n

Rnon-stat = 25(2) %
P

D
R

, 
G

D
R

A-2 + 2n

• Neutron kinetic energies reach well beyond 

the 2n threshold (dotted orange line)

 Not expected with statistical decay

• Only decay to the vicinity of the A-1 ground 

state was considered

• Non-statistical decay branching ratio 

obtained from fit to neutron energies
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Influence of neutron detection

Nominal efficiency

Experiment-specific 

efficiency

Acceptance

1n

2n

3n

4n

• Total efficiency + acceptance curves for 1n to 4n 

channels

• Sum of neutron kinetic energies sufficiently good 

observable

• Loss of detection efficiency at low E due to 

overlapping hit distributions

• Experimental data corrected with these functions

• Experimental data can be corrected for LAND 

acceptance and efficiency

• Nominal efficiency: determined by 2H experiment

• Experiment-specific efficiency: depends on dead 

and semi-dead paddles

• Acceptance: depends on the kinetic energy of the 

neutrons
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Influence of gamma detection

0

1424

2670

0+

2+

(3+)

66Ni

CsI detector response simulation

• Simulation of CsI with:

• Clustering algorithm with add-back

• Doppler correction

• Source moving with b≈0.75

• Plot shows cluster sum energy should ideally show peak at 2.67 MeV

• Large probability to only see one photon (two peaks around 1-1.5 MeV)
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Experimental setup response function

• Strong experimental response 

(broadening + distortion) due to 

complex (and inefficient) 

detectors 

• Removal of response requires 

precise response matrices

• One matrix per channel and 

observable

• Iterative procedure

– Folding of trial input

– Calculate c2 from 

comparison with data

– Adjustment of trial input

Example for 68Ni(g*,2n)66Ni
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Fitting experimental data

Fit ingredients:

• E*

• Momentum distr.

• Neutron Ekin

• Neutron SEkin

• g singles

• g sum

• Neutron hit mult.

• g multiplicity

• Erel
Simultaneous fit to multiple distributions for all neutron channels
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Bin-wise deconvolution (68Ni)

• Bin widths adjusted to E* resolution

• Scaling of sE* and addition of minimal and 

maximal bin widths to probe bias from 

binning scheme

• Random scaling of parameters leads to aD

running sum band

• Red data points: fit with best c2

• Blue data points: published values
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Experimental challenges: multiple neutron detection

• Head towards more exotic systems  greater proton/neutron asymmetry

• Will require efficient multi-neutron detection capabilities

• Example for 136Sn@1 GeV/nucleon using NeuLAND, assuming 100% calorimetric 

efficiency of gamma detector (full CALIFA detector)
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Experimental challenges: multiple photon detection

• Detect multiple photons with high 

calorimetric efficiency

• Example for 136Sn@1 GeV/nucleon 

for CALIFA barrel detector, 

assuming 100% calorimetric 

efficiency for end cap and 100% 

neutron detection efficiency
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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)

• Barrel mounted in Cave C for 2020 beam

• CEPA (CsI(Tl)) and iPhos

(LaBr3/LaCl3) in testing phase

• Completion expected >2020
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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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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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BECOLA experimental setup

𝛿𝜈𝐴,𝐴
′
= 𝜈0

𝐴′ − 𝜈0
𝐴 = 𝑀

𝑚𝐴′ −𝑚𝐴
𝑚𝐴′𝑚𝐴

+ 𝐹 ∙ 𝛿 𝑟𝑐ℎ
2 𝐴,𝐴′

Isotope shift



20.01.2020 |  Nuclear equation of state and neutron stars, Hirschegg 2020 |  Dominic Rossi  |  28

Coupled cyclotron facility layout

K500

K1200

Beam 

thermalization

area

BECOLA facility

www.nscl.msu.edu/interactivemap
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• Correlations of 48 Skyrme functionals between neutron-

skin thickness Rn,p, mirror charge radius difference Rch

and L

• In perfect charge symmetry, the neutron radius of a given 

nucleus equals the proton radius of its mirror nucleus

• Theoretical challenge to correctly include Coulomb 

corrections

• Measurement of charge radii of radioactive nuclei to the 

order of 0.001 fm

 Error on isotope shift in MHz range (feasible)

 Error on mass and field shift parameters (atomic theory) 

often larger (up to 1 order of magnitude)

Connection to nuclear symmetry energy
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Connection to nuclear symmetry energy

• Same behavior observed with RMF calculations

• Strong linear correlation between mirror charge difference and L leads to exploration of 

correlations with neutron-star radii
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Summary

• Dipole polarizability data analysis still ongoing for n-rich Sn and Ni 

isotopes

• Extraction of E1 strength below neutron threshold in 132Sn in progress

• Multiple experimental challenges to be overcome for future aD

measurements

• Key detectors for polarizability studies will be finalized and commissioned 

in the near future

• New approach using mirror charge radii of 54Ni-54Fe to constrain 

symmetry energy
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