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Transient Absorption Spectroscopy onAttosecond Timescales
• Broad XUV Pulses from High Harmonic Generationused for Transient Absorption• Attosecond Temporal Resolution, High SpectralResolution• Core-Level Spectral Region: Element Specific Viewinto Valence Dynamic



Transient Absorption of Electron Coherences

Wu et al., JPB 49 (2016) 062003



First We Have To Ask: What is Absorption?
Particle-like picture:

Wave-like picture:

Free Induction DecayUnperturbed Decay of Induced Polarization
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[1]KMJ (https://commons.wikimedia.org/wiki/File:Gluehlampe_01_KMJ.jpg), „Gluehlampe 01KMJ“, https://creativecommons.org/licenses/by-sa/3.0/legalcode

R. P. Madden and K. Codling, New autoionizing atomicenergy levels in He, Ne, and Ar, Phys. Rev. Lett. 10, 516-518(1963).



What is Attosecond Transient Absorption

Free Induction DecayUnperturbed Decay of Induced Polarization

Perturbed Induction Decay

1s²

1s2p



What is Attosecond Transient Absorption

Free Induction DecayUnperturbed Decay of Induced Polarization

Light Induced Features
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Transient Absorption of Electron Coherences

Wu et al., JPB 49 (2016) 062003



Line Shape Control and Helium Doubly Excited



The Two Coins of Attosecond Transient Absorption
(NIR) Pump InitiatesDynamic NIR+XUVPump-ProbeSpectroscopy:What is pump andwhat is probe?

(XUV) Probe Takes
Snapshot

Attosecond XUV PulseInduces Polarization

NIR Pulse InducesPerturbation

temporalevolution temporalevolution

= Probe?

= Pump?

XUV Transient AbsorptionSpectroscopy on AttosecondTimescales
Coherent Attosecond TransientAbsorption Spectroscopy



Theoretical Basics
Expectation value of dipole operator
Wavefunction of n-levels: |𝜓(𝑡) >  =  

𝑛
𝐶𝑛(𝑡)𝑒−𝑖𝜔𝑛𝑡|𝑛 >

𝛹(𝑡) 𝑑 𝛹(𝑡) =  0 𝑋 𝑛  =  𝑑0𝑛 𝑐∗0(𝑡)𝑐𝑛(𝑡)𝑒−𝑖𝜔𝑛𝑡 + 𝑐.𝑐.
Evolution of state amplitudes

Time-DependentSchrödinger Equation
𝑖 𝜕

𝜕𝑡 |𝜓(𝑡) >  =  𝐻|𝜓(𝑡) >

Hamiltonian
𝐻(𝑡) =  𝐻0 + (𝐸𝑋𝑈𝑉(𝑡) + 𝐸𝑁𝐼𝑅(𝑡))𝑋

𝑖 𝜕
𝜕𝑡 𝐶𝑛(𝑡) =  

𝑛
𝐸𝑋𝑈𝑉(𝑡)𝑑0𝑛𝑒−𝑖𝜔𝑛𝑡 + 𝐸𝑁𝐼𝑅(𝑡)𝑑𝑛𝑚𝑒−𝑖𝜔𝑛𝑚𝑡𝐶𝑚 + 𝑖𝛤𝑛𝐶𝑛 + 𝑐.𝑐.

Wu et al., JPB 49 (2016) 062003
Can be solved by numerical integration or analytically with someapproximation

transition dipolemoment decay/dephasing (empirical)



Theoretical Basics: Light Induced Phase
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Perturbation by IR-Pulse Modified Absorption

In Atoms:
● Perturbation during Free InductionDecay (FID) modifies absorption
Light Induced Phase:
● Energy shift during decay leads tophase in FID

● e.g. due to AC Stark shift:



Line Shape Control and Helium Doubly Excited



Connection ToExperiment
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From Maxwell Wave Eq.:

From Time-Dependent Schrödinger Eq.:



Experimental Setup
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𝐴(𝜔) =  − 𝑙𝑜𝑔 𝐼𝑎𝑓𝑡𝑒𝑟(𝜔)
𝐼𝑏𝑒𝑓𝑜𝑟𝑒(𝜔)

800nm, <5fs,1kHz, 1mJ

∆𝐴(𝜔) =  − 𝑙𝑜𝑔 𝐼𝑤/ 𝑁𝐼𝑅(𝜔)
𝐼𝑤/𝑜 𝑁𝐼𝑅(𝜔)



Experimental Basics: Detectors
Direct Detection: In-vacuumcameras

• Old: CCD, New: sCMOS
• High sensitivity, high resolution, small area
• Sensitive to NIR, need second metal filter,cooling
• Very expensive, inflexible electronics, CCDsare slow

Indirect Detection: MCP +Phosphor + external camera

• Larger area, external camera are fast andmore flexible
• Needs high voltage supply
• Not sensitive to NIR, less XUV sensitivityand/or resolution
• Less expensive but consumable

XUV is absorbed in air, the spectra therefore need to be detected under high vacuum conditions

(c) Del Mar Photonics



Experimental Basics: Drifts and Noise
The signal to noise conditions are generally pretty poor, experiments generally need to be averaged
• Besides artifacts from drifts in NIR intensity and spatial overlap, we are especially sensitive tochanges in the XUV spectra and temporal overlap

XUV spectra fluctuations are on the order of~100ms, take spectra faster to track them

• Slow temporal drifts: Takeseveral scans of delay andcorrect drift afterwards
• Fast temporal drifts: Activestabilization of theinterferometer

M. Volkov, et al. Opt. Express 27, 7886-7895 (2019)



Extracting Dynamics: Kinetics
How can we extract dynamics from temporal features?

• Consider the dynamics, their dependence on the laser pulses and what you observe

EXUV(t)

ENIR(t+τ)

Γ

• Field driven processes follow square of field(sub-cycle if you have the resolution)• Field-free processes typically exponential rate• Observation if the convolution of allprocesses that get you to the observedchannel.• i.e. often Gaussian (laser pulse) convolutedwith exponential decay (lifetime decay) ->Exp. Modified Gaussian



Attosecond Transient Absorption Spectroscopy of CH3ICore-Excited States

Static XUV Absorption of CH3I

● Strong change for np-excited states
● Weak for σ*-excited states - althoughstronger populated by XUV pulseIR last

IR first

18LD et al., JPhysChemLett 10 (2), 265-269 (2018)



Attosecond Transient Absorption Spectroscopy of CH3ICore-Excited States

IR last

IR first
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● Change of lineshape due to light-inducedcoupling (AC Stark) to nearby states
● Reveals strong coupling of Rydberg states

LD et al., JPhysChemLett 10 (2), 265-269 (2018)



Core-Exciton Lifetimes: LiF
• Core-excitons in solid couple to dark statessimilar to atoms• Lifetime limited due to core-hole decay anddephasing due to phonon coupling• In LiF: Coupling to dark exciton, lifetime ofbright exciton <2.4 fs



New Approaches: Non-Collinear FourWave Mixing • Allows background-free detection of light-induced features• Photon Order encoded in divergence• NIR-NIR delay allows to differentiate dark and bright states• Light-Induced phase is lost (No interference)• Temporal Resolution slightly smeared out due to crossingangle
e.g. Puskar et al., J. Chem. Phys. 163, 184302 (2025)



New Approaches: Optical Orientation
Experiment Theory (TDSE)

LBD et al. PRL 135 (16), 163201 (2025)

• Using Circularly Polarized XUVand NIR pulses shows CircularDichroism, reveals m-dependentpathways• Insight into Spin-Orbit Couplingand Spin-Polarization


