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Abstract: The photon–ion merged-beams technique for photoabsorption studies of ionized nanoparticles
with synchrotron radiation is introduced. As an example, recent results from photoionization and
photofragmentation of the endohedral fullerene ions Lu3N@C+

80, Lu3N@C2+
80 , and Lu3N@C3+

80 are
briefly discussed, highlighting the sensitivity and versatility of the experimental technique.
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1. Introduction

Endohedral fullerenes are fascinating objects that have captured the imagination of many scientists.
Their special molecular structure of a closed carbon cage surrounding an encapsulated atom or
molecule has given rise to many intriguing ideas in the basic and applied sciences. Examples are
the use of endohedral fullerenes in photovoltaics, quantum computing, medical imaging, or tumor
therapy (see [1] for a recent comprehensive review). So far, most of the research on endohedral
fullerenes has been theoretical in nature. Experiments were rather limited, mainly because the chemical
synthesis of endohedral fullerenes is complicated, such that large quantities of high purity material
are not readily available. This largely prevented the use of neutral endohedral fullerene vapour
as a gas target (e.g., for photoabsorption experiments). A few attempts are documented in the
literature ([2] and references therein), but these did not yield very conclusive results. In addition,
a number of studies have been reported where endohedral fullerenes were prepared as thin films on
solid surfaces (see [1] for further details).

As compared to spectroscopy of a neutral gas target, the photon-ion merged-beams technique
(see [3] for a recent introductory review and Section 2 below) is a significantly different experimental
approach which also permits sensitive measurements of photo-ion yields when only small amounts of
low-purity sample material are available. Based on previous experience with empty fullerenes [4–6],
a Gießen–Reno–Advanced Light Source (ALS) collaboration applied the photon-ion merged-beams
method successfully for photoionization and photofragmentation studies with the endohedral fullerene
ions Sc3N@C+

80 [7], Ce@C+
82 [8], and Xe@C+

60 [9,10]. The scientific issues that were addressed in
these studies with empty and filled fullerenes comprised collective excitations of the carbon cage,
screening effects, the absorption strength of the encapsulated atom or molecule, the stability of
endohedral fullerenes upon photon impact, branching ratios into the most significant fragmentation
channels, charge transfer from the encaged atom to the carbon cage, and the existence of confinement
resonances (a quantum mechanical multi-path interference phenomenon closely related to Extended
X-ray Absorption Fine-Structure—EXAFS).
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All of these previous studies were confined to photon energies below 200 eV, and only outer
atomic shells were addressed. Here, recent first results on deep inner-shell photoionization and
photofragmentation of Lu3N@C80 endohedral fullerene ions [11] are featured. The results were
obtained at the new photon-ion spectrometer PIPE (Photon-Ion Spectrometer at PETRA III) [12] at the
beamline P04 [13] of the synchrotron light source PETRA III in Hamburg, Germany. This beamline
offers record-high photon flux in the 250–3000 eV photon-energy range and, therefore, facilitates
ionization of the carbon and nitrogen K-shells, as well as the lutetium M-shell. This enables one
to address the atomic species of the carbon cage as well as of the encapsulated molecular complex
separately by scanning the photon energy across the ranges of the corresponding absorption edges.
In this respect, the photon-ion merged-beams technique is very similar to Near-Edge X-ray Absorption
Fine Structure (NEXAFS) [14] and, in the same way, allows the chemical environment of the atomic
species under study to be probed.

2. Experimental Method

Figure 1 shows a sketch of the photon-ion merged-beams setup PIPE [12]. This setup is
a permanently installed user facility at the variable polarization Extreme Ultra-Violet (XUV) beam
line P04 [13] of the PETRA III synchrotron light source operated by DESY in Hamburg, Germany.
The heart of the apparatus is the photon-ion merged-beams interaction region (labelled “MB” in
Figure 1), where an ion beam is travelling on the same axis as the photon beam. The length of the
overlap region is 1.7 m. In this way, a large interaction volume is created that at least partly makes
up for the extreme diluteness of the ion-beam target. Another asset of the merged-beams technique
is that the heavy photo products that are created in the photon-ion interaction region are moving
all in the same direction together with the primary keV-ion beam. PIPE uses a double-focussing
dipole magnet (labelled “DM” in Figure 1) to separate the various product ions and the primary
ions according to their mass-to-charge ratio. At the same time, the magnet directs the selected
product particles onto a single ion detector which counts these with practically 100% efficiency (due to
their kinetic energies of a few keV). The combination of a large interaction volume, a record-high
photon flux (more than 1012 s−1 at 0.01% bandwidth across the entire 250–3000 eV energy range),
and a highly-efficient and largely background-free product detection scheme provides a world-unique
sensitivity for photon-interaction studies with ionized matter in the gas phase.

For the preparation of Lu3N@C+
80, Lu3N@C2+

80 , and Lu3N@C3+
80 ion beams, a commercially

available (in milligram quantities) mix of Lu3N@C80 (35%) and other fullerenes (65%, mostly C60)
was evaporated inside an Electron Cyclotron Resonance (ECR) ion source where the molecules were
ionized by electron bombardment, with the electrons being heated by an externally generated 10-GHz
microwave. Although such ion sources were developed specifically for the production of multiply
charged ions [15], they are (when operated at low microwave power) also advantageous for the
production of endohedral fullerene ions, since they are working at a comparatively low gas pressure
such that precious sample material is consumed at a very low rate.

Positively charged ions were extracted from the ion source by putting the entire source on an
electric potential of +6 kV. The extracted ion beam contained a mixture of molecular ions due to the
presence of a considerable amount of unwanted sample material (C60 and heavier fullerenes), and due
to molecular fragmentation occurring in the ion source. The composition of the primary beam is
analyzed in the same way as the composition of the product beam, i.e., by passing the primary beam
through a mass/charge analyzing dipole magnet (labelled “AM” in Figure 1) located upstream of the
merged-beams interaction region.

Mass-over-charge spectra of the primary ion-beam were obtained by monitoring the ion current in
a Faraday cup while ramping the magnetic field. An example is shown in Figure 2. This mass/charge
spectrum was taken after several days of outgassing and moderate heating of the sample. During this
period of time, most lighter fractions of the sample evaporated. Therefore, the mass/charge spectrum
primarily exhibits mass/charge peaks due to singly, doubly, and triply charged intact Lu3N@C80 ions
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as well as peaks corresponding to molecular fragment ions (e.g., Lu2N@C+
80). In addition, there are

prominent peaks of C+
60 and C2+

60 . It is important to note that the individual ion species are clearly
separated. If required, isotopic mass resolution can be easily achieved [10,12]. For the photoionization
and photofragmentation experiments discussed below, pure beams of Lu3N@C+

80 and Lu3N@C2+
80 were

selected for further transport to the photon-ion merged-beam interaction region.
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Figure 1. Sketch of the photon-ion merged-beams setup PIPE (Photon-Ion spectrometer at the
Positron–Electron Tandem-Ring Accelerator (PETRA) III). The photon beam enters the setup from the
right (blue arrow) and is parallel to the floor at a nominal height of 2.07 m. It is stopped by a calibrated
photodiode (PD) which continuously monitors the absolute photon flux. The ion beam enters from the
left (red arrow). It is generated with an ion source that is mounted on a separate platform (not fully
shown). The analyzing magnet (AM) provides mass/charge selection of ions for further ion-beam
transport. Spherical deflectors (SD) can be used to direct the ions either into the crossed-beams (CB)
interaction point or into the merged-beams (MB) collinear beam overlap region. The demerging magnet
(DM) deflects primary and product ions out of the photon-beam axis and directs product ions into
the single-particle detector (SPD). The ion current can be measured at various places along the ion
beamline by inserting Faraday cups (FC) into the ion beam. One FC is mounted inside the DM such
that product ions which are deflected by 90◦ can pass towards the SPD, while ions in different charge
states or with different kinetic energies are collected in this FC. The MB is equipped with scanning slits
for beam-profile measurements. The figure has been taken from reference [12] ( c© 2014 IOP Publishing.
Reproduced with permission. All rights reserved).

 

C
60
++
+

C
70
+

C
84
+

Lu
+

Xe
+

C
60
++

Lu
3N
@
C
80
++
++

Lu
3N
@
C
80
++
+

Lu
2N
@
C
80
++

Lu
2N
@
C
80
+

C
60
+

Lu
3N
@
C
80
++

Lu
3N
@
C
80
+

 

Io
n 

C
ur

re
nt

 (n
A)

Mass / Charge (u/e)

 

Figure 2. Primary-ion mass spectrum with a mixture of Lu3N@C80 (35%) and other fullerenes
(65%, mainly C60) in the ion source [11]. Well isolated peaks due to singly, doubly, and triply charged
intact Lu3N@C80 ions as well as charged fragments are clearly observed. Only one of the peaks is
transported further to the photon-ion merged-beams interaction region for a particular photoionization
of photofragmentation measurement.
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3. Results and Discussion

Ion yields of different product ions from photoionization and photofragmentation of initially
singly, doubly, and triply charged Lu3N@C80 ions were measured as functions of photon energy.
Figure 3 shows results obtained for photon energies in the range 280–330 eV which comprises the
threshold for carbon K-shell ionization. The ion yields are all on the same relative cross-section
scale. In principle, the photon-ion merged-beams method can be used to determine absolute cross
sections [3,12]; however, this has not been pursued in the here-discussed experiments due to
time constraints.
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Figure 3. Relative cross sections of photo reactions of singly, doubly, and triply charged Lu3N@C80

ions [11]. The short-hand notation (n, q)→ (m, r) refers to reactions of type Lu3N@Cq+
n → Lu3N@Cr+

m .
The panels (a–c) on the left show single-ionization results, and the panels (d–f) on the right show
double-ionization data. The dotted line marks the position of the most prominent ionization resonance.
It appears at the same energy of 285.4± 0.5 eV in all channels. The dashed and dash-dotted lines in
panels (d,e) mark the the positions of the carbon K-shell ionization thresholds for the ionization of
Lu3N@C+

80 and Lu3N@C2+
80 , respectively.

The total number of possible product channels is much larger than what is depicted in
Figure 3. The majority of the product channels could not be studied, since each of them requires
a time-consuming separate measurement. The most comprehensive set of product channels was so far
measured for photon interactions with C+

60 in the photon-energy range 17–140 eV [6]. It was found that
single and double ionization with loss of 0–8 carbon dimers (neutral or ionized C2 molecular fragments)
leading to the production of Cr+

60−2k with k = 0, 1, . . . , 8 and r = 2, 3 are the most prominent reaction
channels. An analogous range of relevant products channels can also be expected for Lu3N@C80 ions.
It must be kept in mind, however, that the photon energies of Figure 3 are at least a factor of two higher
than in the above-mentioned study with C60 ions, and that, consequently, more reaction channels may
be significant. This is particularly true if even higher photon energies of about 1600 eV are applied to
reach the Lu M-edge.

The ion-yield spectra at the carbon K-edge (Figure 3) are distinctly different for single ionization
on the one hand and for double ionization on the other hand. The single ionization spectra are
dominated by resonances that are associated with the excitation of a carbon K-shell electron into
unoccupied molecular orbitals and subsequent autoionization. The resonance positions are the same
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for all product channels of a given primary ion, and do not change significantly when going from
singly to doubly and triply charged Lu3N@C80 targets. In contrast, the relative resonance strengths
vary markedly when going from one product channel to another. This is due to the different branching
ratios into the various reaction channels that are available for the decay of the intermediate resonance
states. In addition, distinct threshold features are observed in the double ionization channels. These are
not visible in the single-ionization spectra, since the K-hole that is created by the ionization event is
rapidly filled by a subsequent Auger process, leading to the emission of a second electron or even
more electrons, resulting in double or higher ionization, respectively.

A shift of the threshold energy is observed when going from double ionization of the singly to
double ionization of the doubly charged ion (Figure 3d,e). This is due to the additional charge of
the product ion and the correspondingly stronger Coulomb attraction of the outgoing photoelectron
by the residual ion—as has also been discussed, for example, in the multi-step ionization of rare gas
clusters [16,17]. Hellhund et al. [11] used the threshold energy shift to infer the radius of the fullerene
shell, and obtained a value of 0.50(4) nm. Within its experimental uncertainty, this value is within the
range 0.53–0.56 nm of calculated van-der-Waals radii of C80 [18].

It is instructive to compare the ion yields from the photoionization of Lu3N@C+
80 with NEXAFS

spectra from other carbon-based materials. Such a comparison is presented in Figure 4. Surprisingly,
the Lu3N@C+

80 spectra are much less structured than the spectra of gas-phase C60 [19] and of solid
C80 [20]. The Lu3N@C+

80 spectra more closely resemble the NEXAFS spectrum of graphite [21] when
comparing the number and width of resonance features. It is speculated that the electrons of the Sc3N
molecular complex strongly hybridize with the electron cloud of the C80 cage, since a strong chemical
interaction between fullerene cage and chemical content could wash out the photoionization resonance
structure of the carbon cage. It would also provide an explanation for the remarkable stability of
this and similar endohedral fullerene species (e.g., Sc3N@C80 [7]), as it also manifests itself in the
mass/charge spectrum of Figure 2, where there are no prominent mass peaks from charged Lu3N@C+

80
fragments containing less than 80 carbon atoms. More insight into these issues could possibly be
provided by supporting theoretical calculations.
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Figure 4. Comparison of the results for ionization of (c) Lu3N@C+
80 (• single ionization from Figure 3a,

◦ double ionization from Figure 3d) with photoabsorption in other carbon-based materials—i.e., (a) C60

vapor [19]; (b) C80 evaporated as a thin film onto a solid substrate [20]; and (d) graphite [21]. The figure
has been adapted from [11].
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In addition to the energy range of the carbon K-edge, also the energy ranges 390–450 eV and
1500–1700 eV of the N K-edge and the lowest Lu M-edge, respectively, were scrutinized [11]. Ion-yield
spectra (which are not displayed here) were taken for heavy photo products ranging from Lu3N@C3+

80
to Lu3N@C5+

72 and Lu3N@C6+
74 . None of the corresponding spectra exhibited any sign of these edges.

Most probably, the absorption of an energetic 1600-eV photon by one of the Lu atoms leads to a much
more violent fragmentation event, such that large fragments cannot be observed. This is interesting,
for example, from a radiobiological point of view, and will be more closely investigated in future
follow-up experiments where lower-mass fragments will hopefully be detected.

4. Conclusions

Inner-shell ionization of endohedral fullerenes in the gas phase has been achieved for the first
time [11] by using a very sensitive photon-ion merged-beams method which provides information
similar to NEXFAS, albeit with the additional possibility to discriminate between different product
channels. This has become possible by combining state-of-the-art ion-beam-technology with XUV
radiation from the world’s brightest 3rd generation synchrotron light-source. This has opened a door
to future studies with other rare gas-phase nanomaterials such as biomolecular ions and size-selected
cluster ions.
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ALS Advanced Light Source
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PIPE Photon-Ion Spectrometer at PETRA III
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