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Photo-Electron Spectroscopy (PES)

Even though Einstein developed the theory of the photoelectric effect in 1906
photoelectron spectroscopy, as we now know it, was not developed until the early 1960s,
particularly by Siegbahn, Turner and Price.
For an atom or molecule in the gas phase Figure 8.1 schematically divides the orbitals

[atomic orbitals (AOs) or molecular orbitals (MOs)] into core orbitals and valence orbitals.
Each orbital is taken to be non-degenerate and can accommodate two electrons with
antiparallel spins. The orbital energy, always negative, is measured relative to a zero of
energy corresponding to removal of an electron in that orbital to infinity. The valence, or
outer-shell, electrons have higher orbital energies than the core, or inner-shell, electrons. A
monochromatic source of soft (low-energy) X-rays may be used to remove core electrons
and the technique is often referred to as X-ray photoelectron spectroscopy, sometimes, as
here, abbreviated to XPS. Far-ultraviolet radiation has sufficient energy to remove only
valence electrons and such a source is used in ultraviolet photoelectron spectroscopy, or
UPS.
Although the division into XPS and UPS is conceptually artificial it is often a practically

useful one because of the different experimental techniques used.
Acronyms abound in photoelectron and related spectroscopies but we shall use only XPS,

UPS and, in Sections 8.2 and 8.3, AES (Auger electron spectroscopy), XRF (X-ray
fluorescence) and EXAFS (extended X-ray absorption fine structure). In addition, ESCA is
worth mentioning, briefly. It stands for ‘electron spectroscopy for chemical analysis’ in
which electron spectroscopy refers to the various branches of spectroscopy which involve
the ejection of an electron from an atom or molecule. However, because ESCA was an
acronym introduced by workers in the field of XPS it is most often used to refer to XPS
rather than to electron spectroscopy in general.

Figure 8.1 Processes occurring in (a) ultraviolet photoelectron spectroscopy (UPS), (b) X-ray
photoelectron spectroscopy (XPS) and (c) Auger electron spectroscopy (AES)
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Above-Threshold Ionization (ATI)
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Hydrogen ATI peaks 

Es = sω − IP − UP
Keldysh–Faisal–Reiss (KFR) strong field 

approximation
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K. Schafer and K. Kulander, Phys. Rev. A 42, 5794-5797 (1990).

ω = 0.086 H

I = 1.3x1013 W/cm2

Laser



ATI: low-energy (universal) feature
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Strong-field photoionization revisited
C. I. Blaga1,2, F. Catoire1, P. Colosimo1, G. G. Paulus3,4, H. G. Muller5, P. Agostini1 and L. F. DiMauro1*

Over the past thirty years, extensive studies of strong-field
photoionization of atoms have revealed both quantumand clas-
sical aspects including above-threshold ionization1, electron
wave-packet drift, quiver and rescattering motions. Increas-
ingly sophisticated spectroscopic techniques2 and sculpted
laser pulses3 coupled with theoretical advances have led to
a seemingly complete picture of this fundamental laser–atom
interaction. Here, we describe an effect that seems to have
escaped observation: the photoelectron energy distribution
manifests an unexpected characteristic spike-like structure
at low energy, which becomes prominent using mid-infrared
laser wavelengths (λ > 1.0µm). The low-energy structure is
observed in all atoms and molecules investigated and thus
seems to be universal. The structure is qualitatively reproduced
by numerical solutions of the time-dependent Schrödinger
equation but its physical origin is not yet identified.

Atomic photoionization under intense laser irradiation is
considered a well-understood process. In the low-intensity/short-
wavelength limit, it is described quantum mechanically as
multiphoton absorption: above-threshold ionization (ATI) is the
absorption of photons beyond the minimum required for ioniza-
tion. In the high-intensity/long-wavelength limit, the photoelectron
energy distribution can be understood classically according to the
Simpleman theory4, as the drift kinetic energy of an electron as a
function of the phase at which it was released in the laser cycle.
Inclusion of the d.c.-tunnelling rate to describe the ionization
probability completes a semi-classical theory. A corresponding
quantum approach is provided by the Keldysh–Faisal–Reiss5–7
(KFR) strong-field approximation. The KFR theory incorporates
the effect of the external field on the continuum state but
neglects the influence of the core potential and ignores the atom’s
excited states. Keldysh linked these two limits in terms of a
single dimensionless parameter γ = √

(IP/2Up), where IP is the
ionization potential and Up is the cycle-averaged kinetic energy of
an electron quivering in the field. In the limit defined by γ < 1,
the electric field of the wave can be considered quasi-static and the
total ionization rate approximated by d.c.-tunnelling in accordance
with the semi-classical picture. The photoelectron distribution in
this case has a classical cutoff energy at 2Up. A more elusive feature,
discovered in themid-nineties8,9, is the plateau in the photoelectron
distribution extending to 10Up. Understanding the origin of this
plateau requires a straightforward extension of the Simpleman
theory that enables a returning electron to elastically scatter off
the core. As illustrated in the inset of Fig. 1, the photoelectron
spectrum exhibits both of these features, ‘direct’ and ‘rescattered’.
The amplitude of the plateau can be described by the scattering
cross-section and the spread of the electron wave packet10. More
detailed features associated with rescattering, such as the plateau’s
angular distributions, can be understood by the semi-classical
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Figure 1 | Typical photoelectron energy distributions in the tunnelling
regime. The low-energy region of the spectra for argon, molecular nitrogen
and molecular hydrogen produced by 150TWcm−2, 2.0 µm pulses. The
intensity-averaged KFR calculation using Volkov states shows a strong
deviation from the measured distributions in the shaded region. The
dashed line labelled EH defines the high-energy limit of the LES used in the
analysis. Inset: The entire photoelectron energy distribution exhibits the
well-documented behaviour of the ‘direct’ and ‘rescattered’ electrons. The
first-order KFR calculation neglects rescattering and consequently is not
expected to reproduce the rescattered plateau. For comparison, the
theoretical result is adjusted to match the normalized experimental
distributions at 15 eV.

treatment1,10 and structural information can be retrieved from the
electron momenta11,12.

The high-dynamic-range experiments presented here probe
the electron distributions deeper into the tunnelling regime
(γ approaching 0.1) than previously reported. Consequently, the
semi-classical and KFR models are expected to become more
valid. The main observation reported here is at variance with
this expectation: as shown in Fig. 1, a low-energy structure (LES)
prominent in the experiment is conspicuously absent in the theory.
As the LES is observed to become more visible with decreasing γ ,
the long wavelengths used in the experiments are a key element in
revealing this previously undetected feature.

The experiment has been described previously13: the electron
energy spectrum is produced by irradiating atoms or molecules
by intense (1013–1015 W cm−2), ultrashort (50–120 fs),mid-infrared
(0.8–3.6 µm) laser pulses. The photoelectrons are detected in a
±6◦ angle around the laser polarization direction by a time-of-
flight spectrometer.
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• PES as a functional of the density

• PES resolved in energy and angle

• scheme suitable for real space code implementations 
(e.g. octopus)

• possibly numerically cheap

What we would like to have



The mask method: the approximation

Ψ(r, t) = ΨA(r, t) +
�

dp
(2π)3

eip·rΨB(p, t)

The ansatz wavefunction

A

B free

interacting



The evolution scheme






ϕA(r, t�) = M(r)U(t, t�)(ϕA(r, t) +
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dp ϕB(p, t)eipr)
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The evolution scheme
B

A






ϕA(r, t�) = M(r)U(t, t�)(ϕA(r, t) +
�

dp ϕB(p, t)eipr)

ϕB(p, t�) =
�

dr (1−M(r))U(t, t�)(ϕA(r, t) + ϕB(r, t))e−ipr

outgoing electrons 
are not coming back!

�
dr (1−M(r))U(t, t�)ϕB(r, t))e−ipr ≈ e−

(p−A(t))2
2 ϕB(p, t)



The evolution scheme
B
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ϕA(r, t�) = M(r)U(t, t�)ϕA(r, t)
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Mask Method: observables
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Linear regime: Hydrogen 1D

 0

 0.4

 0.8

 1.2

 1.6

 2

 0  0.5  1  1.5  2  2.5  3
Energy [a.u.]

P(
E)

 [a
rb

. u
ni

ts
]

 =1.5 au
 =2.5 au

 =1.25 au  0

 1.6

 0  2

 Box=400 au

 Box=200 au
 Box=100 au

 Box=60 au

I = 2.5x1012 W/cm2

Laser
ω = IP + Ekin



Linear Regime: Hydrogen 3D
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H 1D: ATI short wavelength 
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H 1D: ATI short wavelength 
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H 1D: ATI short wavelength 
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H 1D: ATI long wavelength 
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H 1D: ATI long wavelength 
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ATI peaks
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Conclusion

+ fully momentum resolved photo-electron spectrum

+ works for Hydrogen (wow!!)

+ as long as TDDTF makes good approximation of the system it 
should works

- really big boxes

- fixed grid spacing   



FINE


