


Characteristic Response of an Atomic Nucleus to EM Radiation
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• Orbital “Scissors” mode: Ex ~ 3 MeV, B(M1) ~ 3 μN

2

• Two Phonon Excitation:   Ex ~ 4 MeV, B(E1) ~ 10-3 W.u.

• Pygmy Quadrupole Resonance: Ex ~ 2 - 5 MeV, B(E2) ~ 0.5 W.u.

• Pygmy Dipole Resonance: Ex ~ 6 - 9 MeV, B(E1) ~ 0.5 W.u.

• Spin-flip M1 excitations:  Ex ~ 4 - 12 MeV, B(E2) ~ 6 μN
2

• Giant Dipole Resonance:  Ex ~ 10 - 20 MeV, B(E1) ~ 5 - 12 W.u.
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Moderate and Heavy nuclei :

N.T., OSLO13

Presenter
Presentation Notes
Recently in heavier nuclei a resonance like concentration of dipole strength has been observed below the neutron separation energy in semi-magic N=82 isotones.

And this is the subject of the present talk.



Some theoretical calculations indicate a correlation between the observed total  dipole strength of the PDR and the neutron-to-proton ratio N/Z [10].  It has been pointed out that the pygmy dipole strength is closely related to static nuclear properties, for instance, to the neutron skin thickness and the nuclear symmetry energy [5 ,6 ]. Since the PDR is substantially a nuclear surface phenomenon, its coupling to surface vibrations may be significant. In theoretical calculations beyond (Q)RPA, the pygmy mode is in most cases strongly coupled to the surface vibrations, which causes the spreading of the low-lying strength with the isoscalar underlying structure  in a broad energy region, for instance, 3–10 MeV for tin isotopes with medium neutron excess.



Although carrying only a small fraction of the full dipole strength, these states are of particular interest because they reflect the motion of the neutron skin against the isotropic symmetric core.





Nucleosynthesis
 

of Heavier
 

Elements    

Heavier elements ( Z> 26-28) 
can be assembled within stars by  
a neutron capture processes.

s- process – slow 
neutron capture, 
low neutron densities

life time

in explosive 
environments - 
Supernovae:

r – process - rapid 
neutron captures

ν

 
– induced 

processes
rp – process - rapid 

proton captures
p-process (or γ- 

process ) - 
photodisintegration of 
existing nuclei and ect…

N.T., OSLO13



Observed strength in stable nuclei with moderate neutron excess (N > Z)

Below the neutron-separation energy (Sn ≈

 
9 MeV)

1999 Govaert et al. PRC (γ,γ`)
2000 Hartmann et al., PRL (γ,γ`)
2002 A. Zilges et al., PLB (γ,γ`)
2002 Ryezayeva et al. PRL (γ,γ’)
2004 Hartmann et al. PRL (γ,γ`)
2006 Savran et al. PRL (α,α’ γ) and (γ,γ`)
2006 Voltz et al. NPA (γ,γ`)
2008 Rusev et al. PRC (γ,γ`)
2008 Schwegner et al. PRC (γ,γ`)
2009 Savran et al. PRL (γ,γ`)
2011 Savran et al. PRC (γ,γ`)

PDR ≤
 

1% of the Thomas-Reiche-Kuhn sum rule (STRK

 

~ NZ/A)

Enhanced Dipole Strength

N.T., OSLO13
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Presentation Notes
Wit the next couple of transparencies I would like to show what has been know before we started this activity at HIGS. That includes experiments using different probe of excitations: real and virtual photons, light charge particles like protons and alphas.



Observed strength in unstable nuclei with neutron excess  (N > Z) 

stable

radioactive

2005 Adrich et al. PRL (132Sn, 9Be)
2009 Wieland et al. PRL (68Ni, 9Be)
2008 Gibelin et al. PRL (26Ne, 208Pb)

Above the neutron separation energy: ~ 5 -7% of the EWSR

Enhanced Dipole Strength

LAND-FRS collaboration at GSI

N.T., OSLO13

Presenter
Presentation Notes
In addition measurements of the dipole strength in the unstable nuclei 130;132Sn, performed with at GSI, using ‘‘Coulomb’’ excitation of a secondary high-energy beam in a high-Z target. 

The radioactive 132Sn beam was produced by fragmentation of the 238U primary beam on thick Be target. The 132Sn ions were selected by using FRS and were focused on a secondary 208Pb target.



Coulomb excitation of very neutron rich 130,132Sn isotopes reveals a peak at  E*10 MeV. not present for stable isotopes



QPM calculations

 
of excitation

 
energies

 
and integrated

 
cross sections

 
in                   in

 
comparison

 
with

 recent

 
data* / A. Klimkiewicz

 

and the

 

LAND-FRS collaboration, private communication/.

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

* The integration is taken up to 20 MeV.

N. Tsoneva, H. Lenske, PRC 77 (2008) 024321

QRPA and LAND-FRS data

132Sn

130,132Sn

130Sn

N.T., OSLO13



Splitting of the Pygmy Dipole Resonance. Mixed Isospin
 

Character.

KVI

TUD

D. Savran et al. PRL, 97 172505 (2006)

D. Savran et al. NIMA 564 267 (2006)

J. Endres et al. PRL 105, 212503 (2010)

Coincident experiment

Eα

 

= 130 MeV

High energy resolution

NRF experiment

Real photons

Eγ

 

= 4 - 8 MeV

High energy resolution

Complementary
 

experiments
 

with
 

a-particles
 

could
 

provide
 

deeper
 

understanding
 

of the
 

PDR structure

N.T., OSLO13

Talk of V. Derya

Presenter
Presentation Notes
The experimental results show that the PDR splits into two parts with different nuclear structure: one part which is excited in (a, a’g) as well as (g, g’) experiments and one part which is excited only in (g,g’). The comparison to results from photon scattering experiments points to a splitting of the PDR into two parts with different underlying structure, i.e., different isospin character and/or shape of transition density: One below about 6 MeV, which is excited in (a,a’) as well as (g,g’) experiments, and one above 6 MeV, which seems to be not excited by a-particles.



Enhanced Dipole Strength

Predicted in nuclei with proton excess (Z > N)

2005 N. Paar et al. PRL
2008 N. Tsoneva et al. PRC
2009 N. Paar et al. PRL

PDR is independent of the type of nucleon excess (neutron or proton)

=> Generic mode of excitation

Z / N          1.0                1.1              1.2          1.3     

Predicted pygmy quadruple resonance in charge-asymmetric nuclei (Sn
 

isotopic chain)
2011 N. Tsoneva et al. PLB

N.T., OSLO13
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Presentation Notes
In addition to that, the evolution of the low-lying E1 strength in proton-rich nuclei close to the proton drip line was analyzed in the framework of the relativistic quasiparticle random-phase approximation (RQRPA). Model calculations are performed for a series of N = 20 isotones and Z = 18 isotopes. For nuclei close to the proton drip line, the occurrence of pronounced dipole peaks is predicted in the low-energy region below 10 MeV excitation energy. From the analysis of the proton and neutron transition densities and the structure of the RQRPA amplitudes, it is shown that these states correspond to the proton pygmy dipole resonance.





Hence this mode of excitation is independent of the type of nucleon (neutron or proton) that is present in excess.

So it is generic mode of excitation.



However it is a obvious question to what extent the presence of neutron or proton skin will effect excitation of other multipolarities, like the 2+ states.





The
 

Quasiparticle-Phonon
 

Model
V. G. Soloviev: Theory

 

of Complex

 

Nuclei

 

(Pergamon Press, Oxford,1976)

N. Tsoneva, H. Lenske, Ch. Stoyanov, Phys. Lett. B 586 (2004) 213
N. Tsoneva, H. Lenske, Phys. Rev. C 77 (2008) 024321
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Nuclear
 

Ground
 

State

Single-Particle
 

States
Phenomenological

 
density

 
functional

 approach
 

based
 

on a fully
 

microscopic
 self-consistent

 
Hartree-Fock-

 Bogoljubov
 

(HFB) theory

Pairing and Quasiparticle
 

States
BCS gap

 
equation, solved

 
separately

 
for 

protons
 

and neutrons

Residual Interaction
Separable

 
Forces
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Phenomenological
 

Density
 

Functional
 

Approach for Nuclear
 

Ground
 

States

P. Hohlenberg, W. Kohn, Phys. Rev. 136 (1964) B864; W. Kohn, L. J. Sham, Phys.  Rev. 140 (1965) A 1133.

( ) ( )3

,

1( ) ( ) ,
2

pair
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q p n
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N. Tsoneva, H. Lenske, PRC 77 (2008) 024321 

The
 

total binding
 

energy
 

B(A)
 

can
 

be
 

expressed
 

as an integral over
 

an 
energy-density

 
functional

N.T., OSLO13



Binding Energy
 

and Skin Thickness

Sn (Z=50)

N.T., OSLO13



N. Tsoneva, H. Lenske, Phys. Rev. C 77 (2008) 024321 
R. Schwengner et al., Phys. Rev. C 78 (2008) 064314

Calculations
 

of Ground
 

State Densities
 

in Z=50, N=50,82 Nuclei

2 2
2
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Radius [fm]
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The
 

Excited
 

States
V. G. Soloviev: Theory of Atomic Nuclei: Quasiparticles

 

and  Phonons

 

(Inst. Of Phys. Publ., Bristol, 1992)

N.T., OSLO13



The
 

Wave Function

M. Grinberg, Ch. Stoyanov,  Nucl. Phys. A. 573 (1994) 231

For even-even
 

nucleus
 

the
 

QPM
 

wave
 

functions
 

are
 

a mixture
 

of one-, two-
 

and 
three-phonon

 
components

N.T., OSLO13



QRPA Calculations
 

on the
 

Dipole Response in Sn Isotopes

A
 

connection between the total PDR strength and the neutron or proton skin 

PDR

GDR

PDR

GDR

PDR
GDR

N.T., OSLO13



Neutron number
 

increasing
 

(Z=50) 
Neutron skin

 

increasing
N. Tsoneva, H. Lenske, Ch. Stoyanov, Phys. Lett. B 586 (2004) 213

N. Tsoneva, H. Lenske, PRC 77 (2008) 024321
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+ ground state pairing correlations
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Dipole Transition
 

Densities
 

in Sn Isotopes
N.Tsoneva, H. Lenske, PRC 77 (2008) 024321 

Radius [fm]       Radius [fm]    

Transition
 

densities
 

are
 

directly
 

related
 

to nuclear
 

response
 

functions

N.T., OSLO13





QRPA Calculations
 

of Isoscalar
 

and Isovector
 

Quadrupole
 

States
 with

 
energies

 
up to 35 MeV in

 
Sn Isotopes

N. Tsoneva, H. Lenske, Phys. Lett. B 695 (2011) 174

A  Signature
 

of a Pygmy
 

Quadrupole
 

Resonance

N.T., OSLO13



QRPA Calculations
 

of Low-Energy
 

2+ States
 

Related
 

to PQR
N. Tsoneva and H. Lenske, Phys. Lett. B 695 (2011) 174

B(M1) to the first symmetric 21
+~ 10-2μN

2

Pygmy
 

quadrupole
 

resonance
 

is
 

a genuine mode!

B(E2) increases
 

with
 

the
 

neutron
 

number, B(E2) ~ 1/ εb 
2

A change in the Eb of  the g9/2 which is the proton Fermi level in Sn isotopes when approaching the N=Z limit. 
Eb = -12.88 MeV in 134Sn ;  Eb =-7.20 MeV in 104Sn

N.T., OSLO13



B(E2) in 32Mg/34Mg
 

and 33Al/35Al
 

(QRPA):  
Spectral

 
Distribution normalized

 
to EWSR

N.T, TOURS12N.T., OSLO13
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ar
y

M. Spieker, J. Endres, A. Zilges, Universität zu Köln N.T., QPM calculations

N.T., OSLO13



The
 

First High-Sensitivity
 

Investigation of the
 

Electric Character
 

of the
 

Pygmy
 

Dipole Resonance

N.T., OSLO13



Parity
 

Measurements
 

with
 

Polarized
 

Photon Beams
 

of Low-energy
 Dipole Excitations

 
at HIγS, Duke University

A. Tonchev et al., Phys. Rev. Lett. 104, 072501 (2010)

138Ba
σγγ

 

(M1)/σγγ

 

(E1) ~ 3%

• First systematic spin and parity measurements and the 
QPM calculations 138Ba verified for the first time that 
the observed dipole strength from 4~MeV to particle 
separation energy is predominantly electric dipole in 
nature and it could be related to pygmy dipole 
resonance and neutron skin oscillations.

• The fine structure of the M1 spin-flip mode was 
observed and theoretically described for the first time 
in N = 82 nuclei.

• Separation of the PDR to isoscalar and isovector. 
Interplay between the GDR and the PDR at higher 
energies. As the excitation energy increases, the 
isovector contribution to the dipole strength 
exponentially increases due to the left tail of the GDR.

N.T., OSLO13



Supernova neutrino-nucleus
 

astrophysics
Precision

 

data
 

on M1 strength
 

distributions
 

supply
 

to a large extent
 

the
 

required
 

information
 

on the
 nuclear

 

Gamow-Teller
 

(GT) Resonance
 

which
 

determines
 

the
 

inelastic
 

neutrono-nucleus
 

cross sections.

A. B. Balantekin and G. M. Fuller, J. Phys. G:
Nucl. Part. Phys. 29, 2513 (2003).
K. Langanke et al., Phys. Rev. Lett. 93 (2004) 202501 

The
 

inelastic
 

neutrono-nucleus
 

cross section
 might

 

be
 

relevant to several
 

aspects
 

in 
supernova

 

physics

•
 

for the
 

termalization
 

during
 

the
 

collapse
 phase;

•
 

for the
 

revival
 

of the
 

stalled
 

shock
 

in the
 delayed

 

explosion
 

mechanism;

• for explosive nucleosynthesis. 

A(Z,N), Tz =1/2(N-Z)

A(Z+1,N-1), Tz =1/2(N-Z)-1

N.T., OSLO13
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Fine Structure of the Giant M1 Resonance in 90Zr
Spin and Parity Determination at HIγS, Duke University

G. Rusev, N. Tsoneva, F. Dönau, S. Frauendorf, R. Schwengner, A. P. Tonchev, A. S. 
Adekola, S. L. Hammond, J. H. Kelley, E. Kwan, H. Lenske, W. Tornow, and A. Wagner
Phys. Rev. Lett. 110, 022503 – Published 9 January 2013 

•Explaining the fragmentation pattern and the dynamics 
of the ‘quenching’ means to understand the coupling of 
the 2-QP doorway states to many-QP configurations

•Multi-particle multi-hole effects increase strongly the 
orbital part of the magnetic moment which is an 
interesting result not reported before.
The effect is estimated to account for about 22% of the 
total M1 strength below the threshold.

•Theory and experiment are in a very good agreement 
on the values of total measured M1 strength at 
E*=7-11 MeV and its centroid energy

ΣB(M1)Exp. =  4.5 (6) μN
2 ΣB(M1)QPM. =  4.6 μN

2

Ec.m.
Exp. = 9.0 MeV Ec.m.

QPM = 9.1 MeV

gs
eff =0.8 gs

bare

N.T., OSLO13



QPM Predictions
 

of M1 Strength
 

around
 

the
 

Neutron Threshold
recently confirmed in (p, p‘) experiment ( C. Iwamoto et al., Phys. Rev. Lett. 108, 262501 (2012))

N.T., OSLO13



Stars with masses become Asymptotic
Giant Branch (AGB) stars during their final evolutionary
stage.  They are predicted to be the source of about
half of all elements beyond iron in the Galaxy.  

These elements are produced in AGB stars via slow
neutron capture ( the s-process),  which operates at
relatively low neutron densities. 

Under such conditions most short-lived radioactive
nuclei reached by the s-process β-decay rather than
undergoing a neutron capture.

When the s-process reaches longer-lived radioactive
nuclei, however, neutron capture may compete with the
β-decay,  giving rise to s-process branching.

N.T., OSLO13

Investgations of (γ,n) Reactions to Probe the s-Process Branching

http://www.google.de/imgres?imgurl=http://www.astro.keele.ac.uk/e-stars/ras2008/Image2.jpg&imgrefurl=http://www.astro.keele.ac.uk/e-stars/ras2008/ras2008.html&usg=__zXi4jz1awHE9Bm_MkXsSAMU2kU8=&h=1000&w=1000&sz=108&hl=de&start=15&zoom=1&tbnid=RGD2UgTQN22AjM:&tbnh=149&tbnw=149&ei=djd1UcXGEYOM4ASA84GwCw&prev=/images%3Fq%3DAGB%2Bstars%2Bpictures%26client%3Dfirefox-a%26sa%3DX%26rls%3Dorg.mozilla:de:official%26channel%3Ds%26hl%3Dde%26tbm%3Disch&itbs=1&sa=X&ved=0CEgQrQMwDg


First systematic
 

studies
 

of the
 

PDR in N=50 isotones

R. Schwengner, R. Massarczyk, G. Rusev, N. Tsoneva, D. Bemmerer, R. Beyer, R. Hannaske, A. R. Junghans, J. H. Kelley, E. Kwan, 
H. Lenske, M. Marta, R. Raut, K. D. Schilling, A. Tonchev, W. Tornow, and A. Wagner
Phys. Rev. C 87, 024306 – Published 8 February 2013 

N.T., OSLO13



QRPA Dipole proton (dashed line) and neutron (solid line) transition densities in N=50 isotones

N.T., OSLO13Phys. Rev. C 87, 024306, 2013



First systematic studies of dipole strength of N=50 isotones and the nucleus 86Kr was studied in QPM and in 
photon-scattering experiments using bremsstrahlung produced with electron beams of energies of 7.9 and 
11.2 MeV delivered by the linear accelerator ELBE and using quasi-monoenergetic γ

 

- rays of 10 energies 
within the range from 4.7 to 9.3 MeV delivered by the HIγS facility. 

N.T., OSLO13Phys. Rev. C 87, 024306, 2013



Cross-Section
 

measurements
 

of the
 

86Kr(γ,n) Reaction
to Probe the

 
S-Process

 
Branching

 
at 85Kr

R. Schwengner et al., Phys. Rev. C 87, 024306, 2013

A way to investigate 85Kr branching point and the s-process: 
Because of the long half-life, the 85Kr ground state is a branching point and thus a bridge for 

the production of 86Kr at elevated neutron densities.

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Eγ (MeV)

1

10

100

σ γ (
m

b)

86
Kr

R. Raut et al., sub. PRL
N.T., OSLO13



Total photoabsorption cross section of 86Kr including (γ,γ‘) (red circles) compared with results of 
QRPA (black line), 2-phonon QPM (blue line), 3-phonon QPM (green line) calculations. 

The QRPA and QPM solutions were folded with Lorentz curves of 0.5 MeV width. 

•The QPM calculations for 86Kr show 
enhanced low-energy dipole strength

in the energy region from 6 to 10 MeV. 

•Of special importance are the states at 
about 6 to 7.5 MeV whose structure is 
dominated by neutron components and 

their transition strengths are directly 
related to the size of a neutron skin. 

N.T., OSLO13

R. Schwengner, R. Massarczyk, G. Rusev, N. Tsoneva, D. Bemmerer, R. Beyer, R. Hannaske, A. R. Junghans, J. H. Kelley, E. Kwan, 
H. Lenske, M. Marta, R. Raut, K. D. Schilling, A. Tonchev, W. Tornow, and A. Wagner, Phys. Rev. C 87, 024306, 2013.





The
 

Astrophysical
 

Importance
 

of the
 

Pygmy
 

Resonances

The present analysis shows 
that standard strength functions 
currently used for the 
calculation of cross sections in 
codes based on statistical 
reaction models do not 
describe the dipole-strength 
distribution below the ( ,n)  
threshold correctly.

N.T., OSLO13
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