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What can we learn from measurements of 

low-lying E1 strength?

Neutron skinPygmy resonance Equation of State

Nucleosynthesis

Neutron star

S. Goriely, Phys. Lett. B 436(1-2), 10-18 (1998)



Nuclear Equation-Of-State
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• a4: symmetry energy per nucleon in pure neutron 

matter

• p0: symmetry energy pressure

• Linear correlation between neutron skin thickness and 

a4 and p0 parameters of nuclear Equation-Of-State for 

various mean-field models for 208Pb case
R.J. Furnstahl NPA 706, 85-110 (2002)
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RQRPA (DD-ME2, 

a4=30-38 MeV)

132Sn

• Experiment provides E1 strength at larger neutron-to-proton ratios

• RQRPA calculations provide a link between the measured PDR strength 

and the neutron skin thickness

Link between PDR and EOS

a4=30-38 MeV)
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A. Klimkiewicz et al., PRC 76, 051603(R) (2007) Calculation performed by N. Paar



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

• Short lifetime of projectile ⇒ requires experiment in inverse kinematics

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

ALL participating species (identification and momentum)

• Measurements on Pb, C and empty targets allows the separation of the electromagnetic, 

nuclear and background components

Pb E [MeV]



Experimental setup

• Beam tracking in Cave C: Si detectors (PSP) and scintillation 

detectors (POS, GFI, TFW)

• Kinematic forward-focusing  (relativistic beam energies)

→ high-acceptance measurement (almost full coverage of solid 

angle)

• Neutron detection with LAND (Fe converter 

+ organic scintillator)

• Charged fragments are detected in TFW 

scintillation detector

• Gamma detection with CsI or NaI detector



E1 measurement in neutron-rich Sn isotopes

A. Klimkiewicz et al., Phys. Rev. C 76, 051603(R) (2007)

• E1 Coulomb excitation and photoabsorption cross 

sections show excessive E1 strength compared to 

GDR alone

• Excess E1 strength distributions for odd and even 

Sn and Sb isotopes

� 4-7 % of TRK sum rule strength

• Staggered PDR distributions in odd / even isotopes

• PDR strength also below neutron threshold, or 

varies with threshold?

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

A. Klimkiewicz et al., Phys. Rev. C 76, 051603(R) (2007)



68Ni(γγγγ,xn)

68Ni(γ,n)
68Ni(γ,2n)

Excitation energy Gamma sum energy

68Ni(γ,2n)

2+

• Fit function: 1 Breit-Wigner 

function (GDR) + 7 individual 

bins (1 MeV wide, from 8 to 

14 MeV)

GDR in 68Ni Fit Junghans et al., Phys. Lett. 

B 670(3), 200-204 (2008)

Em [MeV] 18.1(5) 18.17

Γ [MeV] 6.1(5) 5.17

STRK [%] 97(9) 100



68Ni(γγγγ,n): neutron kinetic energy

• Neutron kinetic energies reach 

well beyond the 2n threshold

� Not expected with a pure 

statistical decay

• Only direct decay to the A-1 • Only direct decay to the A-1 

ground state was considered

• Direct decay branching ratio 

obtained from fit to neutron 

energies

Statistical decay contribution

Direct decay contribution

Rdirect = 24(4) %



Accounting for the experimental response

• Strong experimental response 

(broadening + distortion) due to 

complex detectors and algorithms

• Removal of response requires 

precise response matrices

Example for 68Ni(γ,2n)66Ni

precise response matrices

• One matrix per channel and 

observable

• Iterative procedure

1. Folding of trial input

2. Calculate χ2 from comparison 

with data

3. Adjustment of trial input



68Ni(γγγγ,xn)

Photoabsorption c.s.

PDR

• Both approaches show non-negligible low-lying strength around 10-11 MeV

• Fit in left figure does not require assumptions on the resonance shape

Individual bins for PDR 

and GDR

Breit-Wigner for GDR and 

individual bins for PDR



PDR in 68Ni

• Pronounced peak 

structure around 10-11 

MeV

• Gaussian fit

PDR in 68Ni (γ,xn) (γ,γ’)

Em [MeV] 10.4(4) 11

σ [MeV] 0.8(3) < 1

STRK [%] 4.1(1.9) 5

68Ni

(γ,xn)

68Ni

(γ,γ’)



Predicted Proton PDR in 32Ar and 34Ar

N.Paar et al.,

Phys. Rev. Lett. 94, 

182501 (2005) 

≈ 6 % EWSR



Observed Proton PDR in 32Ar and 34Ar

• Differential cross section for 32Ar and 
34Ar

• Only 1p and 2p channels

• Integral cross sections (0-10 MeV):

• 34Ar: 17 mb

• 32Ar: 71 mb

• Extraction of shape and strength:

(γ,p) and (γ,2p) channels

• Extraction of shape and strength:

� Requires response simulation



31Cl and the rp-process

31Cl31Cl

32Ar32Ar

(γ,p)(p,γ)

• 30S(p,γ)31Cl reaction is important for the low-mass region of the rp-

process

� Possible bottleneck: 

o long-lived 30S

o α capture hindered due to Coulomb barrier

• Precise level structure of 31Cl is a key ingredient for rp-process 

calculations

• Available data from β+ decay of 31Ar

30S30S

β+, 1.1 s

31Cl31Cl

(γ,p)(p,γ)

• Available data from β+ decay of Ar

• Direct measurement of level structure with Coulex of 31Cl @ 630 MeV/u

β+, 150 ms



31Cl(γγγγ,p)

• No significant population of first excited state 

in 30S (2+, 2.21 MeV)

• Two narrow resonances observed:

• 0.73(4) MeV (1/2+): 15(6) mb

• 1.73(8) MeV (5/2+): 30(9) mb

• One broad component: direct capture

• Resonance widths mainly resolution

PhD thesis, C. Langer

• Production rates for the 30S(p,γ)31Cl reaction

• Stellar conditions

• Direct capture: E1

• Temperature range corresponds to typical T for 

X-ray burst of type I

• First excited state clearly dominates reaction 

rate



New E1 measurement of Sn isotopes

Beam intensity less than 

expected

Unknown isospin 

character of low-lying 

strength 

New measurement 

from A = 124 to 134 

with high statistics

Use of different probes: 

γ, d, …, (α)

Experimental method 

only sensitive above 

neutron threshold

Unknown Giant 

Quadrupole Resonance 

parameters

with high statistics

Observation of not only 

(γ,xn), but also of (γ,γ’) 

channel

γ, d, …, (α)



Measurement of GQR in Sn

Measurement of GQR in 124Sn to 128Sn

• Two beam energies required to disentangle E1 and E2 components

• Requires total E1+E2 strength distribution with good statistics

600 AMeV E1
E2

2*105 events 
simulated 

• Example: 

300 AMeV
E1
E2

extracted
E2 strength

• Example: 

– 132Sn at 600 and 

300 AMeV

– 100% TRK sum 

rule strength for 

E1

– 100% EWSR 

strength for E2



Summary

Measurement of PDR: 4-7% TRK sum-rule 

strength 

Extraction of a4 and p0 parameters of EOS

Coulomb excitation of stable 

and radioactive beams

Complete kinematics at energies 

from 200 to 1000 MeV/u

LAND-R3B setup

Neutron-rich Sn

Measurement of PDR in 68Ni: approx. 4% TRK sum-rule 

strength (preliminary results)

Analysis of 70-72Ni in progress

Analysis in progress

Low-lying strength in 32Ar

2 states observed in 31Cl

Neutron-rich Ni
Proton-rich Ar and Cl

Measurement of PDR (above and below threshold); E2 measurement; 

improved statistics for E1; connection with stable isotopes

Neutron-rich Sn (2)
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68Ni: neutron kinetic energies 

68Ni(γ,n) 68Ni(γ,2n)

Total E1+E2 strength

GDR

PDR

ISGQR (80% EWSR)



68Ni: PDR parameter χχχχνννν
2 maps
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What are Giant Resonances?

• Collective states

o Many/all nucleons participate in 

the resonance

• Transitions are labeled with 

quantum numbers:

Sn

Excitation function

quantum numbers:

o ∆L: Multipolarity

o ∆T: Isospin

o ∆S: Spin

• Excitation:

o Photons: (γ,γ‘), (γ,xn+yp), (γ,f)

o Electrons: (e,e‘X)

o Hadrons: (p,p‘), (d,d‘), (α,α‘), 

heavy ions (e.g. 12C or 16O)

Single-particle, rotation 

and vibration states

GR

∆∆∆∆33

P
D

R



∆∆∆∆L = 0

Giant Resonances Pygmy Resonance

Giant Resonances

∆∆∆∆L = 1

∆∆∆∆L = 2

∆∆∆∆T = 0 ∆∆∆∆T = 1

∆∆ ∆∆
S

=
 0



• Thomas-Reiche-Kuhn sum rule: prediction of integral cross section, 

based on the effective charge of the nucleus

General properties of Giant Dipole Resonances

• Breit-Wigner distribution:

• σ : peak cross section• σm : peak cross section

• Em : peak mean energy

• Γ : peak width

• Mean energy and width depend on mass number A and on nuclear deformation

• Giant Resonances are split into up to three components in deformed nuclei

• Parametrization of Em and ΓΓΓΓ:

• Junghans et al., Phys. Lett. B 670(3), 200-204 (2008)

• Systematics:

Em = 31.2  A-1/3 + 20.6  A-1/6 MeV (Jensen-Steinwedel + Goldhaber-Teller)

Γ = 2.3 + 14  A-2/3 + 21  A-1/2 MeV



r-process

T = 109 K T = 1.5 · 109 K
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T = 10 K

1020 n/cm3

t = 2.4 s

T = 1.5 · 10 K

1028 n/cm3

t = 0.3 s

S. Goriely, Phys. Lett. B 436(1-2), 10-18 (1998)
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Experimental setup

Bρ – from position at

middle focal plane 
of the FRS

• Stable beams from SIS, fragmentation on Be target or in-flight fission

• Production of radioactive beams in Fragment Separator (FRS)

βγβγβγβγ

ρρρρB

Z

A

cm

e

u

====

β – from TOF

Z – from ∆E



Experimental setup
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68Ni



68Ni



Large Area Neutron Detector (LAND)

• 200 scintillator paddles (each 10 x 10 x 200 cm3)

• High efficiency (> 90 % for En > 400 MeV)

• 5 mm passive Fe converter + 5 mm organic scintillator

• 1 neutron = several hits in detector

• ⇒ Shower algorithm reconstructs neutron hits

• ⇒ Introduces detector-specific response



• RQRPA calculations 

performed by N. Paar

• Analysis of 130,132Sn 

provide mean EOS 

parameters:

⇒ <a4> = 32.0(1.8) MeV

Nuclear Equation-Of-State

⇒ <a4> = 32.0(1.8) MeV

⇒ <p0> = 2.3(0.8) MeV/fm3

• Values of the neutron 

skin thickness are also 

obtained:

⇒ 130Sn: 0.23(4) fm

⇒ 132Sn: 0.24(4) fm

A. Klimkiewicz, N. Paar et al., Phys. Rev. C 76, 051603(R) (2007)



58Ni Coulomb excitation

Data set
σ(1n)
[mb]

σ(1np) 
[mb]

σ(1n+1np) 
[mb]

Syst. 
error [mb]

Fultz et al. - - 123(6) 15

Present 
experiment

111(4) 25(4) 136(8) 8

• Photoabsorption data from S. C. Fultz et al., PRC 

10, 608 (1974)

• Inclusive measurement: contains (γ,n) and 

(γ,np) cross-sections

• In 58Ni: Sp = 8.17 MeV, Sn = 12.2 MeV and Snp = 

19.6 MeV

⇒ Only 30% TRK sum rule strength observed; non-

Lorentzian photoabsorption distribution



67-69Ni: Additional E1-Strength

Additional E1 cross section

AZ Junghans et al. Systematics

67Ni 146(44) mb 83(45) mb

68Ni 168(31) mb 139(31) mb

• PDR parameters cannot be extracted from data 

in a model-independent manner

• Excess cross section in 1n channel cannot be 

explained even by 100% GQR

• Observed PDR strength in 68-69Ni: between 5 and 

15 % TRK sum rule strength

• PDR parameters can be evaluated using χ2 map 

of parameter space

69Ni 127(51) mb 94(52) mb



68Ni: PDR parameter χχχχνννν
2 maps

• Calculation of χν
2 for all 

combinations of the mean, 

width and strength of the 

PDR distribution

• Representation of the PDR 

parameter space for mean 

(horizontal axis) and width 

5 % STRK 7 % STRK

W
id

th
 [
M

e
V

]

(horizontal axis) and width 

(vertical axis)

• χν
2 = 1 labeled by blue 

region

• Wieland et al. measurement 

labeled by „W“ in 5% STRK

plot

9 % STRK 11 % STRK

Mean [MeV]

W
id

th
 [
M

e
V

]



Dipole response studies in 32Ar and 34Ar 

statistics expected: 

~500 events in PDR region, ~1000 in 

GDR region

~150 events in PDR region,  ~1500 in 

GDR region



31Cl(γγγγ,p)

• No significant population of first excited 

state in 30S (2+, 2.21 MeV)

• Two resonances observed:

• 0.73(4) MeV

• 1.73(8) MeV

• One broad component: direct capture

• Resonance widths mainly resolution• Resonance widths mainly resolution

31Cl

g.s.
0.3 MeV

0.73(4) MeV

1.73(8) MeV

3/2+
Sp

1/2+

5/2+

PhD thesis, C. Langer



31Cl(γγγγ,p) 

• Production rates for the 30S(p,γ)31Cl 

reaction

• Stellar conditions

• Direct capture: E1

• Temperature range corresponds to typical 

T for X-ray burst of type I

• First excited state clearly dominates • First excited state clearly dominates 

reaction rate

PhD thesis, C. Langer

• Comparison with rate of Wallace and 

Woosley (Astrophysical Journal Suppl. 

Series 45, 389-420 (1981))

• Good agreement above T9 = 0.2



31Cl(γγγγ,p)



New E1 measurement of Sn isotopes

1. Measurement of isovector GDR in complete Sn isotopic chain from 

A = 124 to 134 with high statistics

• Reduce statistical error for the systematical extraction of GDR parameters

• Observation of direct photon-decay of GDR

• Measurement of stable isotope for comparison with other experimental 

datadata

2. Measurement of PDR in complete Sn isotopic chain below and above 

the neutron threshold

• Measurement of (γ,xn) and (γ,γ’) channels

⇒ PDR strength distribution independent of neutron threshold



4. Investigation of the isospin

character of the low-lying dipole 

strength

• Nuclear inelastic scattering with an 

isoscalar probe, using (d,d’γ) 

New E1 measurement of Sn isotopes (cont’d)

isoscalar probe, using (d,d’γ) 

• Analysis of photon decay branch 

allows the selection of dipole 

excitations

• Foreseen for high-statistics beams, 

such as 124Sn and 128Sn

J. Endres et al., Phys. Rev. C 80, 034302 (2009)



Questions to be answered experimentally

Dependence of E1 

Collectivity

Low-lying strength 

below particle 

decay threshold
Structure of low-

lying strength

Effects of 

deformation

Study of various

decay modes

Use of various

probes: γ, d, α, …

Dependence of E1 

strength on:

• mass

• binding energy

• n-p asymmetry

Connection to 

measurements with 

stable nuclei

Relation to EOS 

and neutron skin

Proton pygmy

deformation

Higher resolution
More systematics

Knowledge of E2 

contribution



Questions to be answered by experiment

• E1 strength (both PDR and GDR) dependence on mass, binding energy and n-p asymmetry

� Requires more systematics, higher resolution, extraction of E2 contribution

• Collectivity?

� Study of decay modes: direct gamma decay, particle decay to A-1 states

• Low-lying strength below threshold?

� Measurements below and above threshold

• Connection to measurements with stable nuclei• Connection to measurements with stable nuclei

• Structure of low-lying dipole strength?

� Use of various probes: γ, d, α

• Relation to EOS and neutron skin

� Measure various nuclei and mass regions

• Proton pygmy?

� Measurement of 32,34Ar (data analysis in progress)

• Effect of deformation?



LAND collaboration

127-132Sn (Exp. S221) – 57-72Ni (Exp. S287)


