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X-ray photoabsorption from intense short pulses by a molecule triggers complicated electron and
subsequently ion dynamics, leading to photoelectron spectra, which are difficult to interpret. Illuminating
fullerenes offers a way to separate out the electron dynamics since the cage structure confines spatially the
origin of photo- and Auger electrons. Together with the sequential nature of the photoprocesses at
intensities available at x-ray free-electron lasers, this allows for a remarkably detailed interpretation of the
photoelectron spectra, as we will demonstrate. The general features derived can serve as a paradigm for less
well-defined situations in other large molecules or clusters.
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Intense x-ray pulses from free-electron lasers [1,2]
trigger multiple electron emission from a large molecule.
The resulting electron spectrum is quite complex, containing photoelectrons (ep ), Auger electrons (ea ), and electrons
evaporating from an almost thermalized nanoplasma cloud
trapped by a positive background charge in the molecule,
formed as a consequence of the electrons leaving the
system [3–6]. This charge is considerably larger than in
synchrotron experiments [7] and, along with the corresponding attractive potential, depends on time. The latter
builds up quickly with the departure of ep and ea while it
becomes weaker upon expansion induced by ion-ion
repulsion. Charging and expansion of the ionic backbone
crucially influence through this potential the electron
spectrum since they determine the energy each individual
electron carries after leaving the molecule; see Fig. 1.
In this situation, it is very desirable to analyze a molecule
which exhibits all the features described yet offers a chance
for simplification due to its symmetry. An ideal candidate is
the C60 fullerene, which has 60 identical carbon atoms on a
spherical shell such that each C atom has the same distance
to the molecular center. Its electronic structure and dynamics have been probed in numerous studies by impact of
electrons [8] or highly charged ions [9,10], and by
synchrotrons [11] and intense femtosecond lasers
[12,13]. Recent free-electron laser experiments have given
intriguing x-ray diffraction data of crystalline C60 [14] as
well as ion fragment spectra from free C60 [15], while
electron spectra are yet to be addressed.
Here, we provide insight into the electron spectrum of
C60 in the gas phase (similar to former studies with clusters
[16]) through a theoretical approach which step by step
adds complications to the dynamics of the fullerene,
ultimately providing a realistic spectrum whose features
become then understandable as remnants of the artificially
simplified dynamics introduced before. To this end, we will
first consider one ep (and an accompanying ea ) per atom
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without trapping and plasma formation and discuss the
different shapes of the spectrum obtained from rate equations as a function of the ratio of the Auger rate γ and
photoionization rate κ. Of course, we keep all ions fixed for
this synthetic spectrum. In a next step, we provide the full
electron spectrum of C60 for multichannel ionization and
Auger events determined by a molecular dynamics calculation but still for fixed ions. In a final step, we present full
dynamical electron spectra, including ion motion, starting
from very short but realistic pulses (1 fs duration,
1019 W=cm2 intensity) to make contact with the fixedion spectra. We will see that ion motion significantly
changes the spectra for longer pulses (up to 15 fs).

FIG. 1 (color online). Sketch of the formation of broad electron
spectra. The highest energy is observed for the photoionization of
core electrons from neutral C60 (solid blue line on the left). For a
charged C60 (solid red line on the right), the energy is reduced due
to the background potential (dashed red line).

083001-1

© 2014 American Physical Society

PHYSICAL REVIEW LETTERS

PRL 113, 083001 (2014)

Photoabsorption as well as Auger-decay processes are
modeled with a Monte Carlo procedure. We include all
possible transitions (ss, sp, and pp) with branching ratios
according to the atomic case [17] and the instantaneous
valence-shell occupations [18]. Auger processes are
described on the basis of a molecular Auger lifetime of
6 fs, a typical value for carbon in a molecular environment
[19,20]. We restrict photoabsorption to the 1s carbon
orbitals, which accounts for 95% of the total absorption
of photons with energies larger than 1 keV [21]. Note that
radiative decay (fluorescence) of carbon core holes in a
molecular environment is about 2 orders of magnitude
slower than nonradiative (Auger) decay [17].
The probability that an electron is emitted with energy E
is givenR by an integral [22] over emission times
PðEÞ ¼ dtpðtÞδðE − E0 ðtÞÞ, with pðtÞ the ionization rate
at time t and E0 ðtÞ the final energy of an electron released at
that time. The energy E0 is time dependent due to the
formation of a background potential mentioned before and
given explicitly in Eq. (2). Considering various ionization
channels x to be specified below, and writing the ionization
rate in terms of nðtÞ, the number of electrons released up to
time t, the spectrum reads
PðEÞ ¼

XZ

dt n_ x ðtÞδðE − E0x ðtÞÞ;

with Bj the binding energies of the 1s core in Cjþ and Aj
the energies of the valence electrons released during the
Auger decay αj of a core-hole ion Cjþ . Indeed, there are
various Auger-decay channels with different energies for a
certain charge state j. Since those differences are small on
the energy scale considered here, we use in the discussion
Aj as the average of those energies corresponding to αj . The
photo- and Auger excess energies [Eqs. (3a) and (3b)] are
“upper limits” and correspond to the respective atomic
carbon lines. The third energy [Eq. (3c)] marks a “lower
limit.” It is observed for the last ep which is released from
~ ¼ Qðt → ∞Þ. Here and in
Cjmax þ and an overall charge Q
the following, we denote final variables with a tilde. As
mentioned before, for the moment, we neglect ionic motion
and set RðtÞ ¼ R0 ¼ 3.52 Å.
We consider in our first simple step only one ep per
(fixed) atom in C60 and the subsequent ea . This leads to the
coupled rate equations for the time-dependent numbers of
neutral atoms k and the singly and doubly charged ions kþ
and kþþ :
_ ¼ −κðtÞkðtÞ;
kðtÞ
k_ þ ðtÞ ¼ κðtÞkðtÞ − γkþ ðtÞ;

ð1aÞ

k_ þþ ðtÞ ¼ γkþ ðtÞ:

x

X n_ x ðtÞ 


¼
 E_ 0 ðtÞ
x

x

t¼t0x ðEÞ

ð1bÞ

;

where t0x ðEÞ is the inverse function of E0x ðtÞ [22]. Time
derivatives are denoted with a dot. The final energies of the
electrons depend on the charge of all other ions in the C60 at
the instant of their creation. Only for the simplest approach
used in step I we do distribute the overall charge QðtÞ
homogeneously over a sphere with radius RðtÞ. The
corresponding potential is shown in Fig. 1 as a dashed
line. Thereby, the final energies are
Ex ðtÞ ¼ E⋆x þ VðtÞ;
VðtÞ ¼ −

QðtÞ
;
RðtÞ

ð2aÞ
QðtÞ ¼

X

nx ðtÞ;

ð2bÞ

x

where E⋆x are the excess energies for an electron released
from channel x of a single carbon atom. The excess
energies appear as characteristic energies in the spectrum
E⋆ph ¼ Eω − B0 ;
E⋆Auger ¼ A1 ;
~
Emin
ph ¼ Eω − Bjmax − Q=R0 ;

ð3aÞ
ð3bÞ
ð3cÞ
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ð4aÞ
ð4bÞ
ð4cÞ

The initial conditions (t → −∞) for neutral C60 are
k ¼ 60 and kþ ¼ kþþ ¼ 0. From the ion numbers follow
_ and of Auger
the number of photoelectrons n_ ph ðtÞ ¼ −kðtÞ
þþ
_
electrons n_ Auger ðtÞ ¼ k ðtÞ.
To simplify things even more, we consider first a
rectangular pulse with a constant κ, which allows an
explicit solution of the rate equations (4). The resulting
spectrum is shown in Fig. 2 for E⋆ph ¼ 500 eV and various
ratios κ=γ as colored regions. We have set γ ¼ 1 and chosen
κ accordingly. The pulse duration T was adapted in order to
absorb 25 photons; i.e., for t → þ∞, it is n~ ph ≈ 25, and, of
course, n~ Auger ¼ n~ ph .
For very fast photoionization (κ → ∞), all ep produced
by the laser pulse have escaped before the first ea is
emitted. Consequently, the last ep has to escape against a
potential of V~ ≈ −100 eV, which results from the positive
~ ¼ n~ ph accumulated through photoionization.
charge of Q
This explains the rectangular high-energy spectrum in
Fig. 2(a). Such plateaulike spectra have been seen [23]
and explained [23–25] before for the valence ionization of
atomic clusters. Indeed, their appearance is quite general
[6,26]. The final energy of the first ea is reduced from
~ while those of the last
E⋆Auger ¼ 250 eV to E⋆Auger − V,
one is reduced by 2V~ ≈ −200 eV, since now the total
~ ¼ 2n~ ph . This explains the low-energy
positive charge is Q
rectangular spectrum for energies E ¼ 50; …; 150 eV.
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FIG. 2 (color online). Spectra for photo- (blue) and Auger (red)
electrons for three scenarios (a)–(c) corresponding to different
ratios of the photoionization rate κ to the Auger rate (γ ¼ 1). The
solid lines show the result for Gaussian pulses: from top to
bottom, κ̄=γ ¼ 10, 1, 1/10 with pulse durations T ¼ 2=κ̄ ¼ 2=10,
2, 20, respectively. Shaded areas mark the results for rectangular
pulses, in (a) and (c) for the limiting cases κ → ∞ and γ → ∞,
respectively, and in (b) for the special case of a fixed ratio
κ=γ ¼ 2. The atomic excess energies of E⋆Auger ¼ 250 eV and
E⋆ph ¼ 500 eV are marked by dashed lines.

For the spectrum in Fig. 2(c), the Auger decays are
instantaneous (γ ≫ κ), implying that in between two photoionization events, an Auger event takes place. Therefore, the
background charge for the next ep increases by δQ ¼ 2,
stretching the interval of the photoelectron spectrum by a
factor of 2 to energies E ¼ 300; …; 500 eV. The same is
true for the Auger spectrum since each photoelectron is
accompanied by an Auger electron. The overall shift of
about 250 eV is due to a lower excess energy E⋆Auger.
Flat spectra emerge if photoionization and Auger decay
are decoupled due to very different rates. This changes if
both rates are similar. In particular, for κ=γ ¼ 2, the electron
spectrum takes a triangular form, as shown in Fig. 2(b).
This shape can be obtained analytically from Eq. (1). The
spectra
pﬃﬃﬃﬃﬃﬃﬃﬃwith a time-dependent photoionization rate κðtÞ ¼
κ̄ 6=π exp½−ðt=TÞ2  following a realistic Gaussian pulse
can be understood as deviations from the idealized shapes
just discussed for constant photoabsorption in the three
limiting cases of κ=γ ratios; see Figs. 2(a)–2(c). Here, we
compare the mean photoionization rate κ̄ [27] with the
Auger rate γ.
As a next step of complication, we discuss the
full electron spectrum for fixed ions resulting from

many-channel electron dynamics including double corehole and plasma formation for the scenarios (a) and (b)
from Fig. 2. Results have been obtained by propagating the
released electrons by means of molecular dynamics in
the potential of the increasingly charged C60 , which, due to
the creation of core holes at different sites, is not spherical
as in Eq. (2). Photon frequency (Eω ¼ 2 keV) and intensity
are chosen such that more than 200 photoelectrons are
produced to activate all subsequent channels down to
photoionization of the ground state of C5þ with B5 ¼
476 eV entering Eq. (3c). Besides, this choice assures us
that spectral regions of ep and ea do not overlap.
In scenario (b), the photoionization rate is small enough
that, on average, an ea is produced after each ep . A
characteristic step appears at energy Etrap ¼ Eω − B0 −
A1 ¼ 1476 eV [see Fig. 3(b)] separating the high-energy
part from the low-energy part in the photoelectron spectrum. In the former, after each ep , an ea escapes, increasing
the background charge by δQ ¼ 2, while in the latter, the
ea is trapped such that δQ ¼ 1. Trapping occurs if the
background potential is deep enough such that
Qtrap =R ¼ A1 ¼ 239 eV, the kinetic energy of the ea
produced in the Auger decay of Cþ with a 1s hole.
Consequently, Qtrap =2 ≈ 29 is the number of escaped ea ,
provided this step at Etrap exists in the spectrum. With the
29 escaped ea and the 238ep , we estimate from Eq. (3c)
Emin
ph ¼ 440 eV, in good agreement with Fig. 3(b).
The spectrum of scenario (a) with κ ≫ γ lacks Etrap ,
since fast photoionization builds up a large Q before ea are
produced. Dominant photoionization early in the pulse is
confirmed by the triangular shape of the ep spectrum at its
blue edge (E ≲ E⋆ph ). It forms if exactly two channels
contribute whose rate has the ratio 2. This is the case for
photoionization of C and Cþ with a single core hole
without significant influence of other channels, e.g.,
Auger escape. Given that situation, we can read off from
(a) 9.6×1020W/cm2
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FIG. 3 (color online). Electron spectra for fixed ions generated
with an x-ray pulse of 2 keV photons. The peak intensities are
9.6 × 1020 and 9.6 × 1018 W=cm2 for scenarios (a) and (b), respectively. From the area under the ep spectrum in the interval
ðbÞ
ðaÞ
⋆
[Emin
ph , Eph ] follows the number of ep : nph ¼ 238 and nph ¼ 217.
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FIG. 4 (color online). (a)–(d) Electron energy spectra from C60
exposed to a short pulse (T ¼ 1 fs) of Eω ¼ 1.3 keV photons for
various intensities with Auger and photoelectrons are below or
above 400 eV, respectively. In order to highlight contributions
from different channels, even channels (ionization of C2jþ ) are
colored red and blue, respectively, and odd channels (Cð2jþ1Þþ )
are colored gray. The area under the photoelectron spectra
ðaÞ ðbÞ ðcÞ ðdÞ
provides the numbers of photoelectrons: fnph ; nph ; nph ; nph g ¼
f6; 17; 48; 98g.

Fig. 3(a) that Emin
ph ≈ 600 eV and estimate with the help of
Eq. (3c) and the 217ep that about 10ea have escaped.
We are now in a position to understand the truly complex
electron spectra resulting from full electron and ion
dynamics when illuminated by an intense x-ray pulse of
Eω ¼ 1.3 keV photons, which is sufficient to retain a
spectral gap between photo- and Auger electrons. The
highest intensities used are realistic, assuming 1013
photons per pulse focused onto 1 μm2 , which gives roughly
I max ≈ ð2=T fs Þ × 1020 W=cm2 . To make contact with the
frozen ions discussed so far, we consider first in Fig. 4 a
T ¼ 1 fs pulse. For weak intensity, i.e., only a few electrons
ionized, the spectrum in Fig. 4(a) shows peaks slightly
redshifted to the atomic photoelectron and Auger-electron
energies E⋆ph and E⋆Auger . For further increasing intensity,
the familiar plateau for the ep develops due to the generation
of background charge Q, and for the same reason, the Auger
peak gets an increasing redshift. As in Fig. 3, the energies
Emin
ph are consistent with the number of ep and ea which have
escaped and the relevant excess energies Bj ; see the caption
of Fig. 3. However, the ea reveal a new feature, namely, the
reappearance of a peak close to the atomic line A3 ¼ 224 eV
for high intensity; see Figs. 4(c) and 4(d). The reason for this
behavior is that the background potential [Eq. (2b)] is weak
at early and at late times when the fullerene is either weakly
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FIG. 5 (color online). (a)–(c) Electron energy spectra as in
Fig. 4 (same color coding) but for a fixed peak intensity of I ¼
1019 W=cm2 and various pulse lengths T. Note that the spectrum
for T ¼ 1 fs with the same intensity I is shown in Fig. 4(c).
(d) The time-dependent background potential VðtÞ, given by
Eq. (2b), for the same pulse parameters. The numbers of photoðaÞ ðbÞ ðcÞ ðdÞ
electrons are fnph ; nph ; nph ; nph g ¼ f48; 96; 155; 208g.

charged (Q ≈ 0) or is exploded (R → ∞); see Fig. 5(d).
Indeed, further analysis reveals that the α3 -related peaks in
Figs. 4(c) and 4(d) require a preceding Auger decay α2 due to
the short pulse (1 fs) which considerably delays the α3 decay.
The nonmonotonic time dependence of the background
potential together with the different emission times of the
electrons can qualitatively change the shape of the electron
spectra. This is further corroborated with Figs. 5(a)–5(c),
also revealing drastic changes in the photoelectron spectrum for longer pulses. Electrons emitted late in or even
after the laser pulse lose less and less energy, turning the
formation of a plateau into a pileup of electrons in a small
energy interval, particularly striking for the (late) photoelectrons from Cjþ with j > 2 in Fig. 5(c).
In summary, we have analyzed the electron spectra of
fullerenes following irradiation of short and intense x-ray
pulses. These spectra reveal general features which will
also allow one to interpret spectra of less symmetric large
molecules. First, triangular shapes will appear whenever
two ionization channels are dominant, with one twice as
likely as the other, as it is the case with the photoionization
of a filled (1s2 ) and half filled (1s) core shell, indicating
double core-hole formation. Second, we have established
the onset Emin
ph of the ep spectrum as characteristic energy
which allows one to determine directly the number of
escaped ea . Third, from electrons emitted late in or after the
pulse, a peak at the blue edge of the Auger spectrum and at
the red edge of the photoelectron spectrum will appear for
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long enough laser pulses due to the time dependence of the
background potential. Since this is a general and robust
mechanism, we also expect those peaks in less symmetric
molecules.
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