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Probing the photo-induced electron
dynamics.

Understanding the role of electron
dynamics in the time evolution of
the system.

ULTIMATE AIM:
Triggering and controlling new
functionalities.
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Towards charge directed molecular
reactivity in chiral molecules.

V. Wanie, et al., Nature 630,
109-115(2024)
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Three-body problem: Photon-nucleus-electron

Photoexcitation of electron-nucleus couplings

Relevant for nuclear states with E, < 100 KeV.

® |nternal conversion (IC), bound internal conversion (BIC)
e Nuclear excitation by electron capture (NEEC)

 Nuclear excitation by electronic transition (NEET)

e Electronic bridge (EB)




Three-body problem: Photon-nucleus-electron

Photoexcitation of electron-nucleus couplings PhotOE‘ement

HELMHOLTZ

Employ advanced light sources (table-top VUV sources, XFELs,
Synchrotron Méssbauer sources) to:

1) Better understand photo-induced electron-nucleus
| couplings.
Relevant for nuclear states with E, < 100 KeV.

* Internal conversion (IC), bound internal conversion (BIC) ~ 2) Investigate the robustness of nuclear excited states against
e Nuclear excitation by electron capture (NEEC) environmental perturbation.

e Nuclear excitation by electronic transition (NEET)

e Electronic bridge (EB) 3) Achieve quantum control of nuclear dynamics through

electronic channels.



Examples of photo-controlled electron-nucleus couplings

Photoelectron energy



Examples of photo-controlled electron-nucleus couplings
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M. Seitz, F. Calegari, P. G. Thirolf, A. Trabattoni, Towards the time-resolved spectroscopy of photoinduced electron dynamics in nuclear transitions,
Phys. Rev. A., Accepted (2025). https://doi.org/10.1103/31qt-ptvj



State of the art: photoexcitation of electron-nucleus clouplings
Thorium'229 E~8356eV,a=1,/1, = 10” (neutral atoms) 30
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State of the art: nuclear transitions can be photo-excited

Scandium-45

Normalized count rate (eV-1)

Parameter Notation Magnitude References
Ground state
Spin and parity I 7/27
Magnetic moment u +4.756487(2) u
Measurement at European XFEL, Hamburg 9 :
Quadrupole moment  Q, -0.22(1)b
- Isotopic abundance n 100%
L.O
< Excited state
60 - Qo
£ Energy Eo 12,400(50)eV 32,49,50
Qa 12,389.59;7 2052 eV
Q
éwx Lifetime T 470(6) ms 10,32,51
40- ge Natural linewidth r,=h/T, 1.40(2)feV
o)
= Quality factor Q=E,/T, 8.85(10)x10™
©
2 Multipolarity M2
20 - 0] : : - A
§ Spin and parity 17 3/2
‘ o) Magnetic moment U, +0.368(5) uy 52
0 )\ T Quadrupolemoment Q. +0.318(22) b 52
! ! ! Internal conversion o, Oy 632(71), 474 32,51,53
-4 =2 0 2 coefficients
. 424,363 38
Incident energy E, - E, (eV)
Cross-section O, iN 1.26(15)x10%°cm?
equation (3)

1.9(5)x10°cm?

A~0.1nmm, E~124 keV

Wavelength corresponding to measured “°Sc energy: A,=1.00071A.

Yuri Shvyd'ko, et al. Nature 622,471 (2023)




State of the art: nuclear transitions can be photo-excited
Fe-a/

Measurement at European Synchrotron Radiation Facility (ESRF), Grenoble

Tunable X-ray source Coherent control
SR SCU
S
HhR O
D
ilR 0
A>~0.08 nm, £~ 14.4 keV,a ~ 10 K. P. Heeg, et al., Nature 590, 401 (2021)

D.P.E. Dickson and F.J. Berry, MGssbauer Spectroscopy, Cambridge University Press, Cambridge, (1986)



Iwo examples

Energy-resolved/time-resolved photoelectron spectroscopy on >7Fe
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Mosshauer spectroscopy

Recoilless nuclear resonant excitation/emission
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Mosshauer spectroscopy Massbauer Spectrum
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Conversion electron Mosshauer spectroscopy

100 @
01 To our knowledge, the measurement of conversion electrons
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photoelectrons spectroscopy of nuclear transitions.
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P01 beamline @ Petra lll, Hamburg
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The experimental setup - energy-resolved photoelectron spectrosco
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The experimental setup - energy-resolved photoelectron spectroscopy

57Fe
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Electron time of flight spectrometer
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Counts (arb. units)

Highly monochromatized synchroyton source
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Hyperfine structure - photons vs. electrons

X-ray absorption spectrum measured with an APD detector, photoelectron yield measured with the eTOF
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Hyperfine structure - Foil vs Thin Film
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Hyperfine structure - Foil vs Thin Film

Signature of planar magnetisation at the surface for the 20-nm film
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Ongoing analysis, simulations perfumed with NEXUS (Lars Bocklage, DESY): https://helmholtz.software/software/nuclear-nexus

What is the contribution of the different electronic states?



Inelastic spectrum - energy-resolved photoelectron spectrum
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Inelastic spectrum - energy-resolved photoelectron spectrum

NIS counts (log scale)
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Coupling between photoemission and phonon modes. Population transter between complementary channels.



Internal conversion decay time for the dressed nuclear state
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Internal conversion decay time for the dressed nuclear state

NIS counts (log scale)
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Photoelectron Spectroscopy of the Mossbauer Transition in >’Fe

Motivation

Nuclear states can exchange energy with surrounding electrons, enabling key decay

processes [1].

Internal conversion (IC) and Auger-Meitner electrons constitute the primary non-

radiative nuclear decay channels [2-3].

Due to their limited escape depth, IC electrons are particularly well-suited as surface-

sensitive probes of nuclear-phonon interactions [2,4].

The Mossbauer effect enables precise investigation of these interactions [1-3].

Moreover, electron emission detection provides a powerful alternative to
fluorescence-based measurements of the phonon density of states, allowing
investigation of electron-nuclear energy exchange at surfaces, thin films, and

interfaces [4].

Understanding nucleus-phonon coupling and controlling energy exchange between

electrons and nuclei could open new pathways for quantum technologies.

Emitted electron
Figure 1: A prototype of time-resolved pump-probe laser spectroscopy of electron

dynamics in nuclear transitions [5].

Conversion Electron Mossbauer Spectrum
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Figure 3: Conversion Electron Mdssbauer Spectrum vs. Méssbauer Absorption Spectrum,

(Eo = 14.4 KeV)
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Figure 2: Sketch of the experimental setup
« Experiments performed at PETRA lIl ( PO1 High Resolution Dynamics Beamline), DESY
« Incident photon energy: 14.4 keV (resonant with 5’Fe)
« Repetition rate: 5.2 MHz
« 57Fe nuclear lifetime: 141 ns

« Detection Techniques: Electron Time-of-Flight Spectrometer (ETOF)

Discussion

Tuning the Synchrotron Mé&ssbauer Source photon energy yielded high-resolution

absorption spectra of *’Fe foil (see figure 3) and thin films, resolving the expected

hyperfine sextet structure.

Detuning the photon energy off-resonance via the high-resolution monochromator
enabled the extraction of a phonon spectrum by detecting the photoelectrons (see

figure 4a).

Plotting the photon energy detuning of the high-resolution monochromator against the
decay times of IC electrons revealed a persistent dip in the curve at ~25 meV (see

figure 4b), suggesting the presence of an additional pathway for IC decay.

Inelastic spectrum - Preliminary Results
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Outlook

Building up the new stopping potential spectrometer to perform ER-CENIS (energy

resolved-conversion electron nuclear inelastic scattering) spectroscopy of 57Fe.

Possible time-resolved ER-CENIS spectroscopy of nuclear isotopes like 57Fe, 45Sc, 229Th

at European XFEL and other facilities within a pump-probe framework.
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Development of a retarding-potential spectrometer

Energy-resolved conversion electron nuclear inelastic scattering
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Development of a retarding-potential spectrometer
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Development of a retarding-potential spectrometer
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Energy-resolved conversion electron spectroscopy

Towards Energy-resolved Conversion Electron Mdssbauer spectroscopy
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Photo-perturbation of IC in 22mTh
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Photo-perturbation of IC in 22mTh
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Photo-perturbation of IC in 22/mTh

Absorption spectrum 229Th@ hBN
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Conclusions

Currently available light sources (table-top, synchrotrons, FELs) are opening the perspective to investigate a new family of electron
dynamics with the tools of laser spectroscopy.

This research is leading to a new understanding of the coupling between nuclear and electronic states. This can enable interesting
knobs of control over nuclear degrees of freedom through light.
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