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• Data of photon-induced reactions is of high interest for their 
applications, such as:
• Radiation protection in planetary exploration.

• New schemes of medical radioisotope production (theranostics…).

• γ imaging.

• …

Motivation
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• Radiation protection in planetary exploration.

• New schemes of medical radioisotope production (theranostics…).

• γ imaging.

• …

• Experiments are needed to further extend the data available.

• Typically, these experiments take place in conventional accelerators.

Is there any limitation?
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• Drawbacks of conventional accelerators, such as LINACS, for high-energy 

photons production:

• Limited access because of the high demand.

• In most facilities, maximum energies up to 100 MeV.

• Large and expensive.
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• Laser-based sources are an alternative for 

small-scale experiments:

• Increase the number of facilities available.

• Reduced footprint.

• More affordable in terms of building and operation.

• Photons of up to hundreds of MeV. Example of a 45 TW laser
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• Laser-based sources are an alternative for 

small-scale experiments:

• Increase the number of facilities available.

• Reduced footprint.

• More affordable in terms of building and operation.

• Photons of up to hundreds of MeV.

How can we use them?



• Laser wakefield (LWFA) is the most studied electron acceleration mechanism:
• The laser impinges in a plasma pushing electrons aside generating a wave pattern.

• When electrons are trapped in those waves, they can “surf” them and gain energy.

• Compact accelerators: acceleration gradients up to GV/cm (vs <0.001 GV/cm in 
conventional accelerators).

• Current energy record (reported): 8 GeV from 20 cm stage (Gonsalves et al., PRL 2019).

Laser-driven electron beams
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• Laser wakefield (LWFA) is the most studied electron acceleration mechanism:
• The laser impinges in a plasma pushing electrons aside generating a wave pattern.

• When electrons are trapped in those waves, they can “surf” them and gain energy.

• Compact accelerators: acceleration gradients up to GV/cm (vs <0.001 GV/cm in 
conventional accelerators).

• Current energy record (reported): 8 GeV from 20 cm stage (Gonsalves et al., PRL 2019).

• Those electrons can be transformed into high-energy photons using a high-Z 
converter.

Laser-driven electron beams
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Experimental photon source
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• Electron spectrometer 
before and after 
irradiation for beam 
characterisation 

DRACO 4.5 J in 30 fs (150 TW)

e-

Magnetic field

LANEX screen

Vacuum chamber

Focussing 
optic (OAP)

e- spectrometer

Kapton 
window

I ~1018
 W/cm2

Electron source
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~0.9 nC

Gas jet

~7 mrad
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• For bremsstrahlung production a 0.8 
mm tantalum converter was placed.

• Electrons were deflected with a magnet.

• Bremsstrahlung spectrum could not be 
measured → Numerical simulation
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• Sample placed outside the chamber 
after a 125 μm Kapton window.

• Bremsstrahlung pointing measured 
online with a pixelated scintillator 
placed after the sample.
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Demonstration of a photoreaction experiment
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Case of interest
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Case of interest
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M. Krmar et al. (EPJ A, 2023)

Belyshev, S.S. et al. (EPJ A, 2015)



Sample irradiation
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201Pb

206Bi

196Pb
198Pb
199Pb

204Bi
197Pb

197Bi

198Tl

202Bi

200Bi199Tl

196Tl
197Tl

• A 209Bi sample of 25.4 mm × 2 mm was irradiated for 1 hour (370 shots).

• The sample was successfully activated and measured with 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.
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• Several Bi isotopes were identified using γ spectroscopy.

Region of interest of Chart of Nuclides
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• Several Bi isotopes were identified using γ spectroscopy.

Region of interest of Chart of Nuclides
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• Several Bi isotopes were identified using γ spectroscopy.

Region of interest of Chart of Nuclides

200Bi (t1/2 = 36 min)
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• Several Bi isotopes were identified using γ spectroscopy.

Region of interest of Chart of Nuclides
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• Relative activations yields can be calculated for the identified Bi isotopes.

Relative yields for bismuth
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• We can compare with the numerical predictions using TALYS 1.96.
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• We can compare with the numerical predictions using TALYS 1.96.

• Although the trend is reproduced, relative activation yields are not well estimated.



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

82
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

81
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

80
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

110 111 112 113 114 115 116 117 118 119 120 121 122 123 124 125 126
# Neutrons (N)

# 
P

ro
to

n
s 

(Z
)

Lighter elements

XVI CPAN Days| November 2024 | 17 of 22

• In addition to Bi, lighter elements were identified.

Region of interest of Chart of Nuclides
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• In addition to Bi, lighter elements were identified.
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• In addition to Bi, lighter elements were identified.

Region of interest of Chart of Nuclides

Where do they come from?



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

82
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

81
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

80
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

110 111 112 113 114 115 116 117 118 119 120 121 122 123 124 125 126
# Neutrons (N)

# 
P

ro
to

n
s 

(Z
)

Lighter elements

XVI CPAN Days| November 2024 | 17 of 22

• In addition to Bi, lighter elements were identified.

Region of interest of Chart of Nuclides

Where do they come from?
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At the begining of the decay, 𝑡0, the ratio is estimated depending on the irradiation 
time 𝑡𝑖𝑟𝑟.
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• The relative yields of Pb can be 
calculated using the same procedure 
as for Bi.
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• The relative yields of Pb can be 
calculated using the same procedure 
as for Bi.

• TALYS simulations don’t reproduce 
experiment.

• Same procedure can be used for 
some of the Thallium isotopes 
(γ,2pxn).



Conclusions

XVI CPAN Days| November 2024 | 21 of 22



• Successful photoactivation using high energy 
bremsstrahlung from the DRACO laser.

• Produced a short-lived activity of 10-100 Bq from 1-hour 
irradiation (300-400 shots).
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• Feasibility of laser-based facilities for nuclear research demonstrated.

• Several isotopes of Bi were characterised.

• Additionally, lighter elements were directly generated, 
such as Pb or Tl, and their yield analysed.

• These experiments can be a useful tool for improving the simulation 
codes.
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Thank you!

Adrián Bembibre Fernández: adrian.bembibre.fernandez@usc.es

• Feasibility of laser-based facilities for nuclear research demonstrated.

• Several isotopes of Bi were characterised.

• Additionally, lighter elements were directly generated, 
such as Pb or Tl, and their yield analysed.

• These experiments can be a useful tool for improving the simulation 
codes.
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