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Photonuclear Reactions: 
Basic facts, opportunities, and limitations
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Nuclear Photonics: 
An attempt of a definition

„Nuclear Photonics is the cross-disciplinary field of Physics
and Engineering which addresses controlled photonuclear
reactions with laser-driven beams, e.g. artificial γ-ray beams, 
and their applications.“ 

„controlled“ 
• excitation / manipulation of single nuclear quantum states / groups of states

„artificial γ-ray beams“ 
• usage of artificially shaped γ-ray beams w.r.t. spectral intensity profile

„cross-disciplinary“ 
• integrates techniques from nuclear physics, quantum optics, accelerator science

Very boldly:   “Nuclear Photonics is a newly emerging field of science.”

γ
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Outline

• Basic facts on Photonuclear Reactions
• Size of photonuclear cross sections

• Gamma-ray beam – target interaction

• Examples
• Selective excitation of nuclear quantum states

• Applications in Nuclear Resonance Fluorescence

• Manipulation of spectral intensity profile

• Nuclear Self-Absorption 

• Examples

• Limitations

• Conclusion

γ
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Nuclear Physics with MeV-range photon 
beams

Pure EM-interaction
(nuclear-) model independent
“small“ cross sections, thick targets

Minimum projectile mass

min. angular momentum transfer, 
spin-selective: dipole-modes

Polarisation

„Parity Physics“
Narrow Bandwidth (at HIγS, VEGA@ELI-NP)

„Selective Manipulation of Nuclear States“
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Photonuclear Reactions

γ

What happens?
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Facts about photons

Energy

Wave length

100 fm for a 12 MeV photon

>> nuclear radius
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Elastic Direct Scattering: Nuclear Thomson

Klein-Nishina:

typical Compton cross section: 40 mb (per electron)

typical Nuclear-Thompson cross section (A=50):    4 pb (per nucleus)

10 orders of magnitude smaller, because MA=50 / me = 105 

→ focus here on inelastic/resonant scattering

γ
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Facts about photons

Intensity density

= energy / (area x time) 

i.e. depends on coherence length

Electric field (depends on coherence length)

good estimate:  E0 = 1015 V/m

→ instantenous force on p: F ≈ 1 eV/fm

→ resonance reactions
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The very early days…
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…and international recognition
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Dominant Mode of Photo-Response
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Dominant Mode of Photo-Response
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Dominant Mode of Photo-Response

γ

How to produce MeV photon beams? 

Overview: gamma-ray facilities
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Gamma-ray beam production

Nuclear reactions
 E.g., (p,γ), (n,γ),…              [ Bothe/Gentner 1937: 17 MeV from 7Li(p,γ)8Be ]

 Uncontrollable energy / spectral shape

Positron-annihilation in flight
 Tunable energy, low intensity

Electron bremsstrahlung [ today: S-DALINAC, ELBE, … ]

 High intensity, tunable energy, „white“ spectrum, no/modest polarization

LASER-Compton backscattering [ HIγS @ TUNL, SPRING8, VEGA@ELI-NP ]

 High peak intensity, tunable energy, narrow band width, polarized
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S-DALINAC at TU Darmstadt

Recirculating 
superconducting LINAC

Niobium cavities,

LHe cooled @ 2 K, 

3 GHz cw e-beams,

< 130 MeV, ≤ 60 µA
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Photon Experiments
10 MeV Injector: Photon Scattering / Photofission

< 30 MeV Tagger: Photodesintegration / Photon Scattering

Source
130 MeV Electron LINAC

Electron Source Thanks to
 State of Hesse
 TU Darmstadt
 DFG

S-DALINAC at TU Darmstadt
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Darmstadt Low-Energy Photon Scattering
Site at S-DALINAC

Target

Ge(HP)
γ-detectors

Radiator target
e- γ

Energie
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ity

Electrons

Energie
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Bremsstrahlung

< 10 MeV Cu

Eγ < 10 MeV

Cu

K.Sonnabend et al., NIM A (2011).
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Bremsstrahlung-Site
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Traditionally Bremsstrahlung: Kneissl,Pietralla,Zilges, J.Phys.G 32, R217 (2006).



Nov.12th, 2020 | ELIAS 2020, Zoom | “Photonuclear Reactions: Basic Facts”  |  Prof.Dr.Dr.h.c.mult. Norbert  Pietralla  | IKP, TU-Darmstadt |          21

Nuclear Resonance Fluorescence (NRF) 

Ex

S

Metzger, Proc. Nucl. Phys. 7, 54 (1959).  
Kneissl, Pitz, Zilges, Prog. Part. Nucl. Phys. 37, 349 (1996). 
Kneissl, Pietralla, Zilges, J. Phys. G 32, R217 (2006).
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NRF cross section

• Breit-Wigner absorption resonance curve for isolated resonance
• radioactive decay law and Fourier transform:  Ψ(t) → Ψ(E)

∼ Γ0/Γ

• On resonance (E=Er) cross sections are very large.   

→ σ0 ≅ 200 b       (for Γ0=Γ,    E = 5 MeV)

• Irrespective of multipolarity !

• However, resonances are very narrow (Γ0)
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NRF cross section

• Photonuclear excitation widths Γ0 depend on nuclear wave functions

• with typical widths Γ0 for photonuclear excitations
(use Weisskopf estimate for A=50 and use E=5 MeV) 
• E1 (use 1 mW.u.): 0.1 eV 
• M1: 2.6 eV
• E2: 30 meV
• M2: 0.6 meV
• E3: 4 µeV

• much more narrow than photon beam profile.

• → Integrated cross section

σ(E) / σ0

Nγ(E) (a.u.)

E-Er (a.u.)
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NRF cross section

Thermal motion of target nuclei lead to Gaussian Doppler-broadening of
resonance (typical Doppler width ∆ ≈ few eV  > Γ)

Energy-integrated absorption cross section: ∼ Γ0

Elastic-scattering cross section ∼Γ0
2/Γ
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Scattering cross section

Isc,0 = Ia Γ0/Γ ∼ Γ0
2/Γ

N. Pietralla et al., Phys. Rev. C, 51, 1021 (1995).
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Angular Distribution, Spin Quantum Number J

Photon helicity 1,  m = ±1                                   
→ non-isotropically alignment of photo-excited
state (even oriented for circularly polarized
beam)

Pronounced angular correlations when involving
spin-0 states

Angular distribution functions W(ϑ) from angular 
correlation theory

→ Spin quantum numbers J                         
(easiest in even-even nuclei). 90o/127o – intensity ratios: 2.0 (J=2) vs 0.8 (J=1)
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Parity quantum number π for J=1 states

Elastic scattering distribution not isotropic about incident polarization plane.

No intensity along oscillating dipole vector

Azimuthal rotation by 90o for M1 and E1 distributions

Observable only for linearly polarized beam

N.Pietralla, H.R. Weller et al., 
NIM A 483 (2002) 556.
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Nuclear Resonance Fluorescence

Separation
threshold

Observables

• Excitation Energy Er

• Spin J
• Parity π
• Decay Energies Eγ

• Partial Widths Γi/Γ0

• Multipole Mixing δ
• Decay Strengths B(πλ)
• Level Width Γ (eV) 
• Lifetime τ (ps – as)
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Linearly-polarized photon beam:
Parity measurement by azimuthal distribution

How to produce a linearly-
polarized γ-ray beam?
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2. Sept. 



Nov.12th, 2020 | ELIAS 2020, Zoom | “Photonuclear Reactions: Basic Facts”  |  Prof.Dr.Dr.h.c.mult. Norbert  Pietralla  | IKP, TU-Darmstadt |          32



Nov.12th, 2020 | ELIAS 2020, Zoom | “Photonuclear Reactions: Basic Facts”  |  Prof.Dr.Dr.h.c.mult. Norbert  Pietralla  | IKP, TU-Darmstadt |          33



Nov.12th, 2020 | ELIAS 2020, Zoom | “Photonuclear Reactions: Basic Facts”  |  Prof.Dr.Dr.h.c.mult. Norbert  Pietralla  | IKP, TU-Darmstadt |          34

established international community
(not only NRF!) 
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HIγS Beam Profile; Parity of Pygmy Resonance

Polarized photon beam: HIγS 2001

Compton-polarimeter

EUROBALL Cluster 1999

HIγS data

N. Pietralla et al. Phys. Rev. Lett. 88, 012502 (2001)

138Ba

VEGA @ ELI-NP

100 x more flux
10 x higher energy resolution

great discovery potential
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Scientific Opportunities at High-Intensity

Outline
• Photonuclear Reactions
• Nuclear Resonance Fluorescence

• Some Previous Achievements

• Intensity Frontier (instrumental challenge)   → „Discovery Frontier“ 
(scientific opportunities) 

• „Availability Frontier“ (NRF on rare isotopes)

• „Sensitivity Frontier“ (weak channels: strong physics)

• „Precision Frontier“ (high count rates, new methods)
• Conclusion
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Limitations
w.r.t. atomic quantum optics

• available γ-ray beams are not coherent

• cross sections are much smaller

• level lifetimes are smaller

• → double-photon excitation very difficult
• assume τ ≈ 1 fs → useful γ-bunch length: ~ 0.3 µm

• corresponds to 10-3 o for a 3 GHz – accelerator

• half-value thickness: ~ 5 cm ⇒ ~ 1 nucleus / b 

• necessary flux for double-γ excitation: ~ 1 γ / (eV b fs)  = 1039 γ / (eV cm2 s) 

• spectral shaping of γ-ray flux by absorption → loss of intensity
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Conclusions

“Nuclear Photonics is an emerging field of science.”

„Nuclear Photonics is the cross-disciplinary field of Physics
and Engineering which addresses controlled photonuclear
reactions with laser-driven particle beams, e.g. artificial γ-ray
beams, and their applications.“ 

„controlled“ 
• excitation / manipulation of single nuclear quantum states / groups of states

„artificial gamma-ray beams“ 
• usage of artificially shaped γ-ray beams w.r.t. spectral intensity profile

„cross-disciplinary“ 
• integrates techniques from nuclear physics, quantum optics, accelerator science
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ELI-NP

ELI-NP will become THE major facility for Nuclear Photonics

Needs: energy-tunable, high-flux, high-rep.rate, high-resolution, polarized γ-
ray beam from LASER-Compton backscattering

All this will be possible at ELI-NP !

Future w. high Brightness: ELI – Photonuclear Pillar
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Thank you very much !

γ

at 103 – 106 γ / (eV s)  at VEGA@ELI-NP
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