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Pygmy dipole 
resonances

Pygmy dipole resonances An 'out-of-phase' oscillation of the excess neutron skin against the saturated N=Z nuclear core.

→ Sensitive to the neutron equation of state (EOS). 

→ Prominent in exotic neutron-rich nuclei.

Crucial for stellar nucleosynthesis and r-process neutron capture rates. 
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Pygmy dipole 
resonances

Giant dipole resonance Envisages all protons oscillating collectively in opposition of phase against all neutrons.

→ Restoring force provided by the nuclear symmetry energy.

→ Energy scales roughly as EGDR ≈ 77 A-1/3 MeV (λ ~ 10s of fm)

Provides a sensitive probe of nuclear deformation and collective structure.

Giant dipole 
resonances
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Pygmy dipole 
resonances

Quasi-deuteron dipole
(Levinger Model)

At 30 MeV - 140 MeV, the photon wavelength becomes smaller than the nuclear radius (λ < R)

→ The photon can no longer see the nucleus as a whole.

→ Interacts locally with strongly correlated nucleon pairs (neutron-proton pairs).

Cross section is proportional to the number of n-p pairs inside the nucleus: σQD = L · (N·Z/A)σfd

Giant dipole 
resonances

Quasi-deuteron 
dipole excitations
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Pygmy dipole 
resonances

Hadron photoproduction Transition from collective nuclear physics to individual nucleon/quark degrees of freedom: Photon 
interacts directly with a single bound nucleon.

→ The photon excites a nucleon into its lowest baryonic resonance state: Δ(1232) isobar

γ + N → Δ → N + π

Giant dipole 
resonances

Quasi-deuteron 
dipole excitations

Hadron photoproduction 
(Δ resonance)
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Pygmy dipole 
resonances

Giant dipole 
resonances

Quasi-deuteron 
dipole excitations

Hadron 
photoproduction 

Higher energies 
> 400 MeV

(𝛾,𝛾) (𝛾,n) (𝛾,2n) (𝛾,3n) (𝛾,p) (𝛾,⍺) (𝛾,XnYp) (𝛾,π) (𝛾,π,K,Φ)

What would this experiment look like?
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𝛾

Studying photoreactions 
in the lab

High-energy photons: 
Bremsstrahlung

Electron 
acceleration

Positron
beams
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→ Electron acceleration

→ Producing high-energy photons: Bremsstrahlung & QED cascades

→ Laser-driven positron sources

→ Studying photoreactions in the lab



Laser-driven electron acceleration
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Laser wakefield acceleration
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Laser wakefield acceleration

Linear wake wave →
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Laser wakefield acceleration

Non-linear wake wave
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Laser wakefield acceleration

Wake-surfing
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Laser wakefield acceleration

Linear Regime

→ Laser intensity 1016 ≤ I (W cm-2) ≤ 1018

→ Linear plasma wave

→ Small accelerating fields, stable process

Non-Linear Regime

→ Relativistic intensities: I (W cm-2) > 1018

→ Non-linear regime: wave-breaking instability

→ Strong accelerating fields: Ez ~ 1 GV cm-1
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Ion cavity (+)

Bubble regime

Bubble regime

→ Ponderomotive force kicks electrons out

→ Ions remain immobile ⇒ An ion cavity 

appears behind the pulse

→ Electrons attracted by the ions ⇒ bubble-like 

structure of electrons surrounding the cavity

→ Charge-separation field appears capable of 

accelerating electrons inside the bubble.
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The dream: a 10 GeV stage

→Scaling laws indicate that the 

energy gain per stage can be 

optimized by

Experimental Scalings since the 
“Dream Beam” papers in 2004

[E. Esarey et al. (2009). RMP, 81(3), 1229–1285;  A. Picksley PhD (2022)]

1. Decreasing plasma density

2. Increasing stage length

also, larger spot size ⇒ higher laser energy! 

ΔW ∝ ne
-1

Lacc ∝ ne
-3/2

→Great interest in a stable, 10-GeV electron stage, with applications such as bright 

𝛾-ray sources, free electron lasers, or future colliders

10GeV
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Bremsstrahlung sources 
& QED cascades
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Bremsstahlung radiation
Radiation produced when a relativistic charged

particle is deflected in the Coulomb field of an

atomic nucleus.

→ Radiation cross-section scales quadratically with

atomic number (Z2)

→ Broad, continuous photon energy spectrum

extending up to the maximum kinetic energy of the

incident electron beam.



LD bremsstrahlung sources
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Ultrashort duration

The X-ray pulse duration is related to the electron bunch duration, on

the order of that of the laser pulse: typically sub-ps

Small source size

The quality and resolution of a radiography depends directly on the

source size of the X-ray beam: micrometer-scale source

High energy

Photon energy spectrum extending up to the maximum kinetic energy of

the incident electron beam, up to GeV-scale for LWFA electrons.



QED Cascades
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QED Cascade
Feedback loops of

electron radiation → 𝛾 emission → pair creation.

Trident

Bethe-Heitler σ ∝
Z2

A
× density × thickness

n

For sufficiently thick converter, 
Bethe-Heitler dominates



Laser-driven positron sources
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Laser-driven positron beams
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[A. Alejo et al., Frontiers in Physics 7, 49(2019)] 

PALS
Positron annihilation lifetime spectroscopy is
a technique for material characterisation
based on the different lifetime of ortho- and
para-positronium (0.12 ns vs 142 ns)

Colliders
Studies towards a plasma-based e-p collider,
including the positron source. (ALLEGRO)

Astro in Lab
Electron-positron plasmas are suspected to
play a critical role in astrophysical
phenomena, including electron-positron jets.



A typical experiment
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Electron beam (no converter)

Positron beam
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Electron beam (no converter)

Positron beam



Positron beams
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Towards a laser-based collider

Laser-driven positron beams exhibit characteristics that make them 

suitable for injection in secondary stages and further acceleration



Neutral EP beams
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→ Intergalactic magnetic field (~ nT) too small
→ MHD shock-compression, equipartion of 10-11

→ Fields from the central engine, equipartition of 10-7

→ Weibel-generated fields, too short-lived

Highly-collimated electron-positron jets are observed being emitted by massive and 
powerful objects, such as quasars, pulsars, and active galactic nuclei

Electron-positron
beam filamentation?

 Power-law spectrum: 

 Some predominantly leptonic

 Relativistic

 Strong interaction with the intergalactic medium

 Related to Gamma Ray Bursts:

• Largest single events observed in the Universe

• Requires Equipartition~10-1 – 10-5

n g( )µg
- 2a+1( )

   ,     a » 0.5

The generation of gamma rays requires strong and long-lived magnetic fields



Neutral EP beams
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G. Sarri et al., Nature Communications 6, 6747 (2015) 

GEMINI (CLF, UK)

10J, 40fs, a0~1.2



Neutral EP beams
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 Strong filamentation only for neutral beams (>40%)

 Saturation reached at ~800 c/wp

 Generation of strong B fields

 Equipartition of the order of 10-2 – 10-4

 Long-lived fields

 These for an ideal beam (collimated and 

monoenergetic), also appear for realistic cases!

G. Sarri et al., Nature Communications 6, 6747 (2015) J.R. Warwick, A. Alejo et al., Phys. Rev. Lett. 119, 185002 (2017) 



Photoreactions in the lab
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Photoactivation using lasers
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209Bi



Photoactivation of 209Bi
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DRACO 4.5 J in 30 fs (150 TW)

e-

Ta 
converter

209Bi
sample

Gas jet

Magnetic field

LANEX screen

Camera

Pixelated 
scintillator

Vacuum chamber

Bremsstrahlung

e- spectrometer

Focusing 
optic (OAP)



Photoactivation of 209Bi
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201Pb

206Bi

196Pb
198Pb
199Pb

204Bi
197Pb

197Bi

198Tl

202Bi

200Bi199Tl

196Tl
197Tl

→ The 209Bi sample was irradiated for about 1 hour at 0.1 Hz (370 shots).

→ The sample was successfully activated and measured win a HPGe detector.

→ Laser-plasma interaction creates an extremely harsh environment → HPGe detector must be in a different room (7 min transfer time).

→ A short-lived activity of 10-100 Bq was measured.



83
193Bi

63.6 s

194Bi
95 s

195Bi
183 s

196Bi
308 s

197Bi
9.3 
min

198Bi
10 min

199Bi
27 min

200Bi
36 min

201Bi
103 min

202Bi
1.7 h

203Bi
11.8 h

204Bi
11.2 h

205Bi
15.3 d

206Bi
6.2 d

207Bi
31.6 y

208Bi
3.7e5 y

209Bi
stable
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192Pb
3.5 min

193Pb
5.8 min

194Pb
11 min

195Pb
15 min

196Pb
37 min

197Pb
8.1 min

198Pb
2.4 h

199Pb
90 min

200Pb
21.5 h

201Pb
9.3 h

202Pb
5.6e4 y

203Pb
51.9 h

204Pb
stable

205Pb
1.7e7 y

206Pb
stable

207Pb
stable

208Pb
stable
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191Tl
5.2 
min

192Tl
9.6 
min

193Tl
22 min

194Tl
33 min

195Tl
1.2 h

196Tl
1.8 h

197Tl
2.84 h

198Tl
5.3 h

199Tl
7.4 h

200Tl
26.1 h

201Tl
3.4 d

202Tl
12.3 d

203Tl
stable

204Tl
3.8 y

205Tl
stable

206Tl
4.2 min

207Tl
4.8 min
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190Hg
20 min

191Hg
49 min

192Hg
4.9 h

193Hg
3.8 h

194Hg
444 y

195Hg
10.5 h

196Hg
stable

197Hg
64.1 h

198Hg
stable

199Hg
stable

200Hg
stable

201Hg
stable

202Hg
stable

203Hg
46.6 d

204Hg
stable

205Hg
5.1 min

206Hg
8.3 min
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• 25 different isotopes were identified.

# Neutrons (N)

# 
Pr

ot
on

s 
(Z

)

Region of interest of Chart of Nuclides

Photoactivation of 209Bi



Summary
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Take-home
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𝛾 sources
Highly energetic photon beams can be
generated through bremsstrahlung,
characterised by high energy, ultrashort
duration and small source size.

e+ sources
Ultrashort positron beams generated through
QED cascades, with uses in applications and
relevant to astrophysical scenarios.

Nuclear
Laser-driven sources can enable some
experiments relevant for certain nuclear
studies, including studies of photonuclear
reactions.
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  σ ∝    (     Z 2 A ×   density   ×   thickness ) n

