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• Light and the Nucleus

• A short history of photonuclear reactions

• Observables

• A selection of research highlights



Photons in the MeV range

chandra.harvard.edu; nasa.gov

• MeV-photons are abundant in the universe
(Planck photon bath, e.g., from supernovae, neutron star mergers)

→ photon-nucleus interaction important, e.g., 
for the synthesis of elements - „Nuclear Astrophysics“



Photons in the MeV range

nasa.gov

• MeV-photons are complementary to „standard“ probes
in nuclear physics and excite nuclei very selectively

→ precision study of excitation modes in nuclei for
Nuclear Structure and fundamental physics

• MeV-photons are very penetrative
→ various applications (e.g. cargo inspection)

www.passportsystems.com H. Ohgaki et al.



Photonuclear Reactions
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Photonuclear Reactions
• pure EM interaction

• spin selectivity (mainly E1, M1, E2 transitions)

• strength selectivity



Photons produced in 7Li(p,γ) reaction

Z. Phys. 106 (1937) 236

1937:

7Li(p,γ)8Be @ 600 kV van de Graaff generator

Photon source:

Subsequent (γ,n) reactions produced
radioactive isotopes.

http://ark.cdlib.org/ark:/13030/ft5s200764/

7Li

γp

→ „Giant Resonance“



1938:

...

nature 141 (1938) 326

Giant Dipole Resonance (GDR)



Dynamic electric dipole (E1) moments in nuclei:
Separate center of mass and center of charge

Proton fluid oscillates against neutron fluid:
Giant Dipole Resonance (GDR)

p n

Giant Dipole Resonance (GDR)

A. Migdal, J. Phys. (USSR)  8 (1944) 331



Photons from Betatron Bremsstrahlung

Phys. Rev. 71 (1947) 3

1947:

Bremsstrahlung from 100 MeV betatron

Photon source:

From: A.M. Sessler, LBNL

radiator

γe-



Giant Dipole Resonance (GDR)

Phys. Rev. 71 (1947) 3

1947:

Photo-Fission in Uranium
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Photons from van de Graaff accelerator for electrons

Phys. Rev. 187 (1969) 1680

1969:

radiator

γ (MeV)e- (MeV)

Adjustable bremsstrahlung endpoint energy up to a few MeV



High resolution Nuclear Resonance Fluorescence (NRF)

target
radiator

γ (MeV)

detectors

Review: U. Kneissl, H.H. Pitz, and A.Z., PPNP 37 (1996) 349

e- (MeV)

1980s, 1990s:



Limitations using bremsstrahlung
• no selectivity of excitation energy („white“ photon spectrum)

• strongly increasing continuous background at low energies

• background from higher lying states (e.g. detector response)

• beam only very weakly polarized (and only with thin radiator)

• large amount (100s of mg) of target material needed

→ tunable „mono“energetic photon sources !

87Rb(γ,γ‘) 87Rb(γ,γ‘)



Photons from positron annihilation in flight

Phys. Rev. 89 (1953) 790

1953:

Photon source:
converter

γ2e+

γ1

but: rather low photon flux and
high bremsstrahlung background

e.g.: Saclay, Livermore, Gießen



Tagged photons from electron bremsstrahlung

1982:

Nucl. Inst. and Meth. Phys. Res. 193 (1982) 463

but: rather low photon intensities

e.g.: JLAB, Frascati, Mainz, TU Darmstadt



Photons from Laser Compton Backscattering (LCB)
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R.H. Milburn, PRL 10 (1963) 75

1963:



NRF and Laser Compton Backscattering

H.R. Weller et al., PPNP 62 (2009) 257

• ”monoenergetic“ photon beam

• tunable energy

• polarized beam
→ Nuclear Photonics

target
e- (GeV)

detectors

laser (eV)

γ (MeV)

collimator

Examples:
HIGS at TUNL (USA)
NewSUBARU (Japan)
GBS at ELI-NP 



Observables in NRF

For a comparison with theory or for isotope identification
one needs to know:

• energy and distribution of E1/M1 strengths

• absolute transition strengths B(E1) or B(M1)
(proportional to Γ0 / Ex

3)



Excitation of bound states by photons

• typical natural level width Γ: meV to eV  (T1/2 in ps-fs range)

• Γ < level spacing → isolated resonances of Breit-Wigner shape:
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Integrated cross section

• additional thermal Doppler broadening in eV range

• photon flux usually constant within resonance range:
→ integrated cross section Ι is given by:
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→ Γ0 can be derived from direct
observables of the experiment!
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Angular distribution

Γ
Γ⋅Γ

⋅







+

+
⋅








⋅== ∫→→

kj

x
kj J

J
E

cdEEEI 0

0

2
2

0 12
12

)()( πσ

(peak area) (peak
position)

(angular
distribution)

(branching
ratio)



Γ0 and absolute transition strength
• Crucial observables to be compared with theory are the

absolute transition strengths:
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Parity of excitations from polarized γ beam

Parity determination by measuring asymmetries

52Cr

in-plane

out-of-plane

Krishichayan et al., PRC 91 (2015) 044328 

1+

1-

J. Beller et al., PLB 741 (2015) 128

polarized beam



Krishichayan et al., PRC 91 (2015) 044328

52Cr

M1

E1

Parity determination



Photonuclear Reactions
Nuclear Resonance Fluorescence: 
derivation of excitation energies, spins,
parities, decay energies, level widths,
lifetimes, decay branchings, multipole
mixing ratios, absolute transition strengths
with no model dependency!



Two (out of many) research highlights



Dipole photoresponse of atomic nuclei
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The scissors mode in deformed nuclei

classically: current loop
→ M1 radiation
→ magnetic dipole excitation

courtesy: Norbert Pietralla

photon
scattering

electron
scattering

D. Bohle et al., PLB 137 (1984) 27
D. Bohle et al., NPA 458 (1986) 205
H.H. Pitz et al., NPA 492 (1989) 411

Photonuclear experiments:

- detailed study of excitation mode

- systematic study of evolution

> 650 citations!



Collectivity of the scissors mode

N. Pietralla et al., PRC 58 (1998) 184

(deformation δ)2



Rotational band on top of the scissors mode ?

T. Beck et al., PRL 118 (2017) 212502@HIGS (GSI/TUD/UoC/TUNL)



Dipole photoresponse of atomic nuclei
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Electric dipole strength in nuclei

A. Zilges et al., Phys. Lett. B 542 (2002) 43



Summed electric dipole strength in nuclei

D. Savran et al.,  PPNP 70 (2013) 210 
(highly cited paper, top 1% in physics)

∝ (N⋅Z)/A



PDR away from closed shells: NRF on 144Nd



The future of MeV photon sources

• higher intensity
• smaller bandwidth
• small beam diameter
• sensitive detection of ejectiles
• (tailored γ beams)



Energy profile: ELI-NP vs. HIGS

HIGS



Energy profile: ELI-NP vs. HIGS

HIGS

selection of an energy range



Energy profile: ELI-NP vs. HIGS

HIGSELI-NP



Energy profile: ELI-NP vs. HIGS

HIGSELI-NP

selection of single excitations



The future of MeV photon sources

• higher intensity
• smaller bandwidth
• small beam diameter
• sensitive detection of ejectiles
• (tailored γ beams)

→ Selective manipulation and inspection
of single excitations in atomic nuclei



Photonuclear reactions in Brasov
Session 04:
K. Tanaka

Session 05:
C. Howell, D. Savran, V. Werner, N. Tsoneva, J. Isaak

Session 07:
P. von Neumann-Cosel, F. Camara, M. Krzysiek,
O. Gorbachenko, I. Gheorghe

Session 15:
J. Wilhelmy, M. Müscher, U. Gayer, T. Beck

Session 16:
T. Ohgaki, I. Carter

Session 17:
M. Roth

www.umdiewelt.de
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