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The inner-shell single and double ionization spectra of the organic molecule para-aminophenol are

calculated using many-body Green’s function methods. The inner-shell double ionization spectrum

displays more pronounced sensitivity to the chemical environment and to electronic many-body effects

than does the inner-shell single ionization spectrum. A kinetic model is employed to determine the

probability of inner-shell double hole formation in para-aminophenol exposed to an intense, 1 fs x-ray

pulse. The resulting photoelectron spectrum at a photon energy of 1 keV is calculated. This work suggests

that x-ray two-photon photoelectron spectroscopy using x-ray free-electron lasers will provide access to

electronic-structure information not currently available.
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Photoelectron spectroscopy [1] is an outstanding tech-
nique for quantitatively characterizing the electronic struc-
ture of matter. Since the energy needed for the removal of
an inner-shell electron is characteristic of the atomic spe-
cies involved, inner-shell ionization using x rays allows
one to determine the elemental composition of a sample.
Furthermore, there is generally a measurable effect of the
molecular environment on the binding energy of an inner-
shell electron. This phenomenon is known as chemical
shift. Traditional x-ray photoelectron spectroscopy (XPS)
is based on x-ray one-photon absorption. In this Letter, we
demonstrate that the advent of x-ray free-electron lasers
[2–5] will enable a novel kind of photoelectron spectros-
copy: x-ray two-photon photoelectron spectroscopy
(XTPPS). XTPPS is more sensitive to chemical effects
and electronic many-body effects than is traditional photo-
electron spectroscopy.

Previous theoretical research on potential applications
of x-ray free-electron lasers includes high-intensity x-ray
absorption and scattering by atoms [6–9], nonlinear refrac-
tion of x rays in highly ionized condensed matter [10],
x-ray diffraction imaging of single biological molecules
[11–14], and coherent x-ray nonlinear spectroscopy of
molecules [15,16]. Similarly to Refs. [15,16], the proposal
presented in this Letter aims to exploit the high intensity of
x-ray free-electron laser pulses to reveal the electronic
structure of molecules in a way not previously possible.
However, in contrast to the concepts discussed in
Refs. [15,16], XTPPS employs single x-ray pulses and
does not require two independently tunable, mutually
phase-coherent x-ray pulses.

The basic idea underlying XTPPS is the following.
Assume that the x-ray photon energy is chosen to be
much higher than any inner-shell threshold of interest in

a given molecule. Assume further that during a given x-ray
pulse the molecule absorbs an x-ray photon and an inner-
shell hole is formed. The associated photoelectron has a
kinetic energy that is characteristic of the site within the
molecule where the hole was formed. If the intensity of the
x-ray pulse is high enough, a second x-ray photon may be
absorbed before the x-ray pulse is over. If, in addition, the
x-ray pulse is short in comparison to the decay lifetime of
the inner-shell vacancy, then it is virtually guaranteed that
the second x-ray photon is absorbed by the inner-shell-
excited state prepared by the first x-ray photon absorbed by
the molecule. The kinetic energy of the second photoelec-
tron ejected reflects the electronic structure of the inner-
shell-excited molecular ion. By monitoring the entire pho-
toelectron spectrum as a function of the peak intensity of
the x-ray pulse, one can identify conditions under which no
more than two x-ray photons are absorbed during the x-ray
pulse.
The inner-shell double ionization spectra that may be

measured using XTPPS can be connected to electronic
many-body theory using Green’s functions or propagators
[17]. For XPS, the appropriate Green’s function is the one-
particle propagator [18]. The pole positions of the one-
particle propagator yield the molecular ionization poten-
tials, i.e., the energy of the cationic eigenstates relative to
the energy of the neutral ground state. The residuum or
pole strength of a pole of the one-particle propagator is a
measure of how well a cationic eigenstate is described
within the one-hole configuration space deriving from the
Hartree-Fock ground state of the neutral molecule. In other
words, the pole strength is a measure of the independent-
particle character of a specific ionized state. The Green’s
function appropriate for XTPPS is the particle-particle
propagator [19]. The pole positions of the particle-particle
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propagator yield the double ionization potentials, i.e., the
energy of the dicationic eigenstates relative to the energy
of the neutral ground state. The pole strength of a pole of
the particle-particle propagator is a measure of how well a
dicationic eigenstate is described within the two-hole con-
figuration space.

Inner-shell double vacancies are more sensitive to the
chemical environment of the inner-shell-excited atoms
than are inner-shell single vacancies [20,21]. The chemical
shifts in inner-shell double ionization spectra are particu-
larly pronounced when each of the two inner-shell holes is
at a different atomic site. Many-body effects in double core
ionization spectra can be so strong that the molecular-
orbital picture of double ionization breaks down [22]. In
order to demonstrate the feasibility of XTPPS using x-ray
free-electron lasers, we present in this Letter calculations
on the organic molecule para-aminophenol.

Figure 1 displays the inner-shell single and double
ionization potentials of para-aminophenol. The propa-
gators involved were evaluated using a sophisticated
perturbation-theoretical approximation known as the alge-
braic diagrammatic construction (ADC) scheme [19,23].
The nth-order ADC scheme, ADCðnÞ, is complete through
nth order and includes in addition infinite summations over
certain classes of Feynman diagrams. Within ADC, the
pole positions and pole strengths of a Green’s function
are found by solving a symmetric eigenvalue problem.

The inner-shell single ionization spectrum in Fig. 1(a)
was calculated using the ADC(4) method [23,24]. In the
ADC(4) method implemented, the configuration space
comprises the inner-shell one-hole configurations and all
their single and double excitations. We used ADC(2)
[19,25] to calculate the double ionization spectrum in
Fig. 1(b). The configuration space in this method com-
prises all two-hole configurations and all their single ex-
citations. The ADC methods require Hartree-Fock orbitals
and their energies as input data. The Hartree-Fock calcu-
lation was performed using the 6–31G basis set for the

C and H atoms. The 6–31G� basis set [26] was placed on
the N and O atoms.
There are three distinct groups of lines in the inner-shell

single ionization spectrum of para-aminophenol
[Fig. 1(a)]. These groups correspond to K-shell ionization
of the atomic species C, N, and O, respectively. Since there
are six distinguishable C atoms in para-aminophenol, the C
1s main lines are split up by chemical shifts. The effect,
however, is rather small. The weak satellites right above
the C 1smain lines are a manifestation of electronic many-
body effects associated with the removal of a C 1s electron.
By contrast, the inner-shell double ionization spectrum

of para-aminophenol [Fig. 1(b)] is much richer. In this
case, there are seven groups of lines. For instance, a 1s
vacancy on one C atom may be accompanied by a 1s
vacancy on another C atom. This is symbolized by Ci=Cj

in Fig. 1(b); Ci=Ci indicates that both 1s holes reside on the
same C atom. It is apparent that the chemical shifts for all
groups characterized by at least one C 1s hole are more
pronounced than for the C 1s single ionization lines in
Fig. 1(a). The large number of satellites surrounding the
Ci=Ci lines highlights the importance of many-body effects
in inner-shell double ionization spectra. Owing to the fact
that the particle-particle propagator of an interacting
many-electron system cannot be expressed solely in terms
of the properties of the one-particle propagator, the inner-
shell double ionization spectrum in Fig. 1(b) contains fun-
damentally new information not available from the inner-
shell single ionization spectrum in Fig. 1(a). This includes
information on the interaction between two core holes and
on the electronic structure between the two holes.
It is possible, in principle, to create inner-shell double

vacancies via one-photon absorption [27,28]. For mole-
cules, however, this approach has disadvantages. First,
double inner-shell ionization via one-photon absorption
has a relatively small probability (typically less than a
percent of the single ionization probability). Second,
when two inner-shell electrons are ejected via one-photon
absorption, they generally come from a single atomic site.
Therefore, the two-site Ci=Cj lines [Fig. 1(b)], for ex-

ample, are not accessible.
XTPPS employing x-ray free-electron lasers will over-

come these limitations. It is expected that using the tech-
nique described in Ref. [29] it will be possible at the Linac
Coherent Light Source [3] to generate 1.2 fs pulses con-
taining up to 2:4� 1011 photons at an x-ray photon energy
in the vicinity of 1 keV [30]. Such x-ray pulses are much
shorter than the Auger lifetime of either C, N, or O 1s
vacancies. (The only slightly critical case is an O 1s hole,
which has an Auger lifetime of 5 fs [31].) Auger decay
during the x-ray pulse is therefore unlikely and is neglected
in the following.
We now show that such x-ray pulses, when focused to a

width of 1 �m, are intense enough to enable XTPPS.
Assuming a photon energy of 1 keV, we are in the extended
x-ray absorption fine-structure regime for both single and
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FIG. 1 (color online). Inner-shell single (a) and double (b)
ionization potentials of para-aminophenol calculated using
many-body Green’s function methods.
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double hole formation. For instance, it follows from Fig. 1
that the O 1s electron binding energy is 540 eV; when an
O 1s hole is present, the binding energy for the remaining
O 1s electron is 1200� 540 ¼ 660 eV. The photoelectron
energy is therefore at least 340 eV. To a first approxima-
tion, the molecular x-ray absorption cross section so high
above the respective edges is given by the sum of the x-ray
absorption cross sections of the atomic constituents of the
molecule. We determined the photoionization cross sec-
tions for the various inner-shell single and double hole
atomic channels by numerically integrating the radial
Schrödinger equation for the corresponding Hartree-
Slater atomic potential [32].

The atomic photoionization cross sections serve as input
parameters for a kinetic model of molecular inner-shell
single and double ionization. Within this model, we solve
14 coupled rate equations for a given x-ray pulse. Each
equation describes the time evolution of one of the 14
channels that we consider. One channel, for example, is
the ground state of para-aminophenol. Before the x-ray
pulse, the population in this channel is unity. Another
channel is the manifold of states in which one of the six
C atoms in para-aminophenol has a 1s hole. (There is no
second hole present in this channel.) For the double hole
channels associated, for example, with a C=O double hole
state (cf. Fig. 1), it is important for the determination of the
photoelectron spectrum to distinguish between the possible
excitation pathways, i.e., whether C is ionized first and
O second, or vice versa. We neglect any channels involving
one or more valence holes. The associated cross sections
are relatively small.

Figure 2 shows the channel populations obtained with
the kinetic model. Early in the x-ray pulse, single ioniza-
tion via one-photon absorption takes place. Even though
the O 1s and N 1s photoionization cross sections are larger
than the atomic C 1s photoionization cross section, the
C 1s hole population dominates because in para-
aminophenol there are 6 times more C atoms than N or
O atoms. The single hole populations reach their maximum
before the peak of the x-ray pulse. The absorption of a
second photon transfers the population from the single hole
channels to the double hole channels. Two-photon double
ionization saturates after the peak of the x-ray pulse. Here,
we focus on the two-photon case and neglect averaging
effects due to the spatial profile of the x-ray pulse. In
practice, it is necessary to measure the photoelectron spec-
trum as a function of the x-ray peak intensity in order to
monitor whether additional x-ray photons are absorbed
before the x-ray pulse is over. By introducing suitable
many-body Green’s functions, the ideas presented in this
Letter can be extended to three-photon or higher-order
processes.

Using the Green’s function spectra from Fig. 1 and the
channel populations at the end of the x-ray pulse (Fig. 2),
we constructed the photoelectron spectrum plotted in
Fig. 3. Satellite lines are not shown in the figure. To give
a specific example of how the photoelectron spectrum was

determined, consider the case where a C 1s electron is
ejected first. The corresponding channels are shown in
Fig. 2(a). We took the group of C 1s main lines from the
single ionization spectrum in Fig. 1(a) and placed them in
the photoelectron spectrum by subtracting the respective
binding energies from the photon energy of 1 keV. The
intensities of the C 1s photoelectron lines were renormal-
ized so that their sum equals the sum of the channel
populations in Fig. 2(a).
Consider next the second photoelectron associated, for

example, with the Cj=Ci and Ci=Cj two-site channels. This

notation indicates that there are two distinct lines for the
energy of the second photoelectron for a given two-site
Ci=Cj main line in the double ionization spectrum in
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FIG. 2 (color online). Time evolution of the inner-shell single
and double ionization channels of para-aminophenol exposed to
a 1.2-fs, 1-keV x-ray pulse. The pulse is assumed to contain
1:0� 1011 photons focused to a width of 1 �m. (a) In the
channels shown, the first photon absorbed creates a C 1s hole.
(b) The first photon absorbed creates an N 1s hole. (c) The first
photon absorbed creates an O 1s hole. The dotted curve in (b)
indicates the Gaussian temporal profile of the x-ray pulse.
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Fig. 1(b). We determined the electronic character of Ci and
Cj, respectively, and identified from Fig. 1(a) the corre-

sponding single ionization energies Ið1Þi and Ið1Þj . Let Ið2Þi;j

denote the double ionization potential for the Ci=Cj main

line under consideration. One line for the second photo-
electron then appears at an electron energy of 1 keV

�½Ið2Þi;j � Ið1Þi � (Ci=Cj channel); the second line appears at

1 keV �½Ið2Þi;j � Ið1Þj � (Cj=Ci channel). After taking into

account the spin multiplicity of the double hole states,
the sum of the photoelectron line intensities for the
Cj=Ci and Ci=Cj channels was renormalized to the

Cj=Ci and Ci=Cj population in Fig. 2(a). Using the same

logic, all other photoelectron lines were constructed.
Because we assume here an x-ray pulse duration of

1.2 fs, the spectral bandwidth of the x-ray pulse is
1.5 eV. Therefore, in addition to the discrete photoelectron
lines associated with individual electronic states, we show
in Fig. 3 the photoelectron spectrum obtained by convolv-
ing the discrete photoelectron lines with a Gaussian of
width 1.5 eV (full width at half maximum). Other broad-
ening mechanisms, including the instrumental resolution,
are less important.

The x-ray two-photon-induced photoelectron spectrum
of para-aminophenol (Fig. 3) may be divided into three
disjunct energy regions. The region between 340 and
460 eV corresponds to electronic states with at least one
O 1s hole. Photoelectrons in the region between 490 and
600 eV signal the formation of at least one N 1s hole. At
least one C 1s hole is present in the electronic states giving
rise to the photoelectrons in the region between 620 and
710 eV. In each region, the peak associated with the highest
kinetic energy corresponds to a photoelectron ejected by
the absorption of the first photon in the sequential two-
photon process considered here. This photoelectron line is
also present in spectra measured at low x-ray intensity. The
peak appearing at the lowest kinetic energy in a given
region corresponds to the second photoelectron ejected
during the formation of a one-site double hole state. The
remaining peaks indicate two-site double hole states.

The inner-shell-excited states relax via Auger decay.
The kinetic energy spectrum of the Auger electrons over-
laps with the photoelectron spectrum in Fig. 3. As in
traditional one-photon photoelectron spectroscopy, this
causes no difficulty. One can always distinguish the
Auger electrons from the photoelectrons by changing the
photon energy. The computational study performed in this
Letter suggests that XTPPS using x-ray free-electron lasers
is likely to become a powerful tool for probing the inner-
shell particle-particle propagator of molecules. The inner-
shell double ionization spectra accessible via XTPPS are
much richer, and chemically more sensitive, than are tradi-
tional inner-shell single ionization spectra.
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