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Abstract:

The fragmentation of gas phase endohedral fullerene, Ho;N@Csg, was investigated using
femtosecond near-infrared (NIR) laser pulses with an ion velocity map imaging (VMI)
spectrometer. We observed that Ho™ abundance associated with carbon cage opening dominates at
an intensity of 1.1x10" W/cm®. As the intensity increases, the Ho" yield associated with multi-
fragmentation of the carbon cage exceeds the prominence of Ho' associated with the gentler
carbon cage opening. Moreover, the power law dependence of Ho' on laser intensity indicates
that the transition of the most likely fragmentation mechanisms occurs around 2.0x10"* W/cm?,

1. Introduction

Ionization and fragmentation of molecules in femtosecond laser fields is an important method to
understand their electronic and nuclear dynamics [1-10]. Complex molecular targets, such as
carbon based nano-size fullerenes, characterized by their hollow geometric structures, attract a
great deal of interest due to their broad range of applications and ‘supramolecular’ physical and
chemical properties [11]. Fullerenes often exhibit hybrid properties that bridge the gap between
small molecules and bulk solids in many aspects [7,12,13].

Based on previous studies on Cgionization and relaxation induced by femtosecond laser pulses,
the fragmentation of Cg in a strong laser field (~10"-10'> W/cm?) takes place as the following
scenario [14,15]: First, the molecule absorbs photons causing both multiple ionization and an
increase in the initial internal energy. The photon absorption cross section for Cgy was estimated
to be 0.04 A (~4 Mbarn) for 800-nm photons, with an uncertainty of a factor of two [16]. Second,
the charges and the energy are redistributed within the electronic degrees of freedom via electron-
electron coupling on a typical time scale of around 50 fs [14]. At this point, electron-electron
scattering may lead to thermal-ionization, elevating the charge state of the Cgy [16,17]. Third, the
energy further redistributes into the nuclear backbone via electron-phonon coupling on a time
scale of around a few hundred femtoseconds [18]. These three processes lead to the molecular
fragmentation due to the further relaxation of the thermalized molecule as well as the Coulomb
energy introduced by multiple ionization [19].



Encapsulation of atoms or molecules by the carbon cage alters the electronic properties of pure
carbon fullerenes [8,20,21], and the behavior of endohedral fullerenes in a strong laser field can
be very different from that of empty fullerenes. For instance, an encaged planar HosN moiety in
Cgo breaks the symmetry of Cgy and makes the super-atomic molecular orbital (SAMO) states
optically accessible [8]. The understanding of the ionization and fragmentation of endohedral
fullerenes is not as comprehensive as for Cg, due to extra theoretical and experimental
complications. Nevertheless, a few studies regarding the fragmentation dynamics in endohedral
fullerenes have been carried out, focusing on neutral carbon dimer emission induced by single X-
ray photons or single pulse optical lasers [22-25], or the formation of new chemical bonds
between atoms from the cage and the enclosed species [9,26-28]. Recently, we found that the
endohedral fullerene’s internal energy plays an important role in the fragmentation of X-ray
excited Sc;N@Csg[29]. In addition, three significant fragmentation processes were identified: 1)
evaporation of C,, 2) emission of small molecular carbon ions (C,", n<24), and 3) release of Sc
and Sc-containing ions associated with carbon cage opening or fragmentation [29].

In this work, we studied the fragmentation of gas phase endohedral fullerene HosN@Csg, using a

strong 800 nm laser field. HosN@Cgy is a trimetallic nitride templated endohedral

metallofullerene (TNT-EMFs), one of the most widely synthesized types of endohedral fullerenes.
To avoid the complexity due to several absorption and relaxation mechanisms, we employed laser

pulses with 30 fs pulse duration, which is about the time scale of electron-electron coupling (50 fs)
and shorter than electron-phonon coupling [14]. We identified three different main fragmentation

processes: 1) removal of an even number carbon atoms, 2) emission of atomic and molecular

carbon ions, and 3) release of Ho and Ho-containing ions associated with the carbon cage opening

or multi-fragmentation of the Cg, carbon cage. The kinetic energy distribution (KED) of Ho"

indicated that the fullerene’s fragmentation mechanism changes from cage opening to cage multi-

fragmentation with increasing laser intensity.

II. Experimental setup

The experiment was performed using a coincidence scheme with a VMI spectrometer. Details of
the spectrometer have been thoroughly described in previous work [8,30,31]. Briefly, a static
electric field applied across the interaction region served to extract electrons and ions from the
interaction region. The extracted ions were guided through a set of electrodes in VMI
configuration and a 50-cm-long drift tube, and were detected by a multi-hit-capable time and
position-sensitive detector (RoentDek). The time of flight for the ions as well as their positions on
the detector were measured, and were used to reconstruct their three-dimensional (3D) momenta
and kinetic energies (KEs).

The Ho;N@Cg sample was obtained from SES Research and has a purity of 95%. According to
SES Research, the impurities are mainly TNT-EMFs with bigger carbon cages than Ho;N@Csy,
i.e. HosN@Cso, (84, s6), as well as a small amount of endohedral fullerene with a smaller carbon
cage. Less than 0.1% of the impurity is attributed to unfilled fullerenes. The gas phase sample
was obtained by evaporative heating in an 800 K oven, mounted on a 3-dimensional translation
stage at the top of the chamber. The evaporated molecules were introduced into the vacuum
chamber through a nozzle and a skimmer with a 1 mm aperture. Prior to the experiment, the



sample was heated up to about 400 K for ~12 hours to evaporate any residual solvent molecules.
For the duration of the experiment, the background pressure inside the chamber was kept below
3%10™® mbar. The VMI spectrometer was perpendicular to the axis of the oven.

The laser pulses intersected the Ho;N@Cgo molecular beam at the center of the vacuum chamber,
between the repeller and extractor plates of the VMI spectrometer. The ultrashort laser pulses
were delivered by a commercially available Ti:Sapphire laser system. The measured pulse
duration and central wavelength were 30 fs and 800 nm, respectively. The peak laser intensity
was varied by an attenuator consisting of a half waveplate and two thin-film polarizers by two
orders of magnitude (10" — 10" W/cm?). The polarization of the laser field at the interaction
region was horizontal, i.e. along the axis of the VMI spectrometer. The laser was focused at the
center of the extraction zone by a lens with 35 cm focal length. The laser intensity was calibrated
by measuring the ionization yield of Ar as a function of laser power, and following the procedure
proposed by Hankin et al. [32].

ITI. Experimental Results and Discussion
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Figure 1. (Color online) Mass/charge (m/q) spectra of HosN@Cs, at a laser intensity of 4x10™ W/en’. (a)
Overall m/q spectrum. The spectrum for m/q > 220 has been multiplied by 5. (b) Zoomed-in spectrum
displaying peaks between the singly and doubly charged parent ions. In this panel, 38<n<40 for
HosN@Cs,", 37<n<40 for HosN@Cs,"", and 31<n<37 for C»,". (c) Spectrum displaying peaks between the
doubly and quadruply charged parent ions. In this panel, 37<n<40 for Ho;N@C,,'", 36<n<40 for
Ho;N@C LT and 39<n<40 Ho;NaC Wt Note that the detection efficiency of the detector is not taken into
account.



A typical m/q spectrum of HosN@Csg, exposed to a strong laser field is shown in Fig. 1. The left
panel of Fig. 1(a) shows Ho-containing molecular ion fragments, including HoC,", HoCN",
HoC,", as well as atomic Ho'. The right panel Fig. 1(a) shows mainly multiply-charged parent
molecular ions, up to the quadruply charged state. The spectrum in the region between the singly
and doubly charged parent molecules is shown in Fig. 1(b). Fullerenes that have lost an even
number of carbon atoms are identified as HosN@Cs", HosN@C76', HosN@C7o" and HosN@Cs, "
This observed loss of an even number of carbon atoms was also observed for Cgp, and other
endohedral fullerenes subjected to laser fields [27,33,34], or X-rays [9,10]. An interesting
observation is that the abundance of HosN@C>," and HosN@Cs,', where a large part of the cage
has disappeared, is significantly higher than singly charged fragments, such as Ho;N@C,,"
(2n=78 and 76), where only small pieces of the cage are missing. The abnormally large
HosN@C7" and HosN@Cs," yields observed might be due to the release of even numbers of
carbon atoms simultaneously instead of sequential release of C,. This latter process is the most
significant fragmentation pathway of removing small even number (2n, n>2) of carbon atoms
from a charged Cq [35,36].

Two peaks corresponding to the loss of an odd number of carbons, HosNCg™ and HONCyo', were
also observed. Additionally, the small peaks between 948 amu and 1093 amu are likely fullerenes
that released two Ho along with some C and N ions (HONC,,,.," and HoC;, 66<2n<76). Due to the
isotopes of carbon and nitrogen, along with the peak broadening owing to recoil, we
unfortunately were not able to distinguish fullerene ions, HoNC,, ;" and HoC,,. For fullerene
ions, HosNCgo', HONCyo', and HoNC,,.;", the cage may have the form of an azafullerene, such as
CeoN [37]. Fullerenes with all three Ho atoms released are observed around 800 amu. Similarly,
we were not able to distinguish if those peaks are C,," or Co,./N" (62<2n<74) in the spectrum. For
comparison, the x-axis in Fig. 1(c) is set to align the doubly charged fragments with the same
mass as the singly charged fragments in panel (b). Here, we clearly see a correlation between the
singly and doubly charged ions.

b) Identification of the Ho;N@Cs, fragmentation pathways associated with Ho"

To identify the fragmentation pathways of complex molecules, ion-ion coincidence mapping,
which connects different fragments from single dissociation events, is widely used [38]. However,
in experiments where intense lasers are employed, many ions and electrons can be created from
multiple targets in a single shot, leading to false coincidences. A good alternative to coincidence
mapping is covariance mapping, which is employed particularly in experiments where many ions
or electrons are generated per laser shot [39-41]. We integrated the covariance signal associated
with Ho', and show it in Fig. 2. We emphasize that, although Fig. 2(a) shows reasonably clean
peaks, this analysis may not be used as a quantitative measure of the fragment yield.

In general, it is clear from the covariance with Ho" that multiple fragmentation occurs for both the
cage and the encapsulated species. While C" is observed, there is no sign of multiply charged
atomic carbon ions. Molecular carbon fragment ions from C,' up to C,;" are also observed, as
shown in Fig. 2(a) and 2(b). Similar patterns with small molecular carbon fragment ions have
been observed previously in experiments on Cg and Ho;N@s using high excitation energy [9,42].
To generate small molecular carbon ions from the fragmentation of Cgy and Ceo ', Campbell et al.
established with a simple statistical theory that an average internal energy of 100 eV is needed



[43]. In addition to the statistical behavior, a pump-probe experiment also indicates that small
carbon fragments may also arise from direct fragmentation (as opposed to statistical behavior) on
a picosecond time-scale at an intensity as low as a few 10> W/cm? [44]. This direct fragmentation
does not affect the discussion in this report since only the post-ionization or dissociative
ionization processes induced by the probe pulse can lead to significant increase on the yield of
atomic or molecular carbon ions. Since the encapsulation of moieties has little impact on how C-
C bonds breaks up, we assume here that high internal energy is also required to create small
molecular carbon ions from HosN@Csg. Other Ho-containing molecular ions, such as HoCN" and
Ho combined with an even number of carbon atoms up to HoCy" are observed in Fig. 2(a) and (b).
The HoCN" and some of the Ho carbide ions were also observed when HosN@Csp was exposed
to a strong X-ray free electron laser [9]. We note that although Ho donates three charges to its
environment, the predominant charge state measured for Ho and Ho-containing fragments are
singly charged. Thus one can make a simple assumption that, during the early dissociation stages,
the electrons are captured at the Ho sites [9].
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Figure 2. (Color online) Fragment ions correlated with Ho" from Ho;N@Cs) molecules produced in a
4x10™ W/em? laser field using the covariance mapping technique. (a) Spectrum showing low m/q range for
atomic and molecular carbon ions, Ho", and Ho-containing ions. (b) Spectrum showing mid m/q for heavy
molecular carbon ion fragments and Ho-containing ion fragments. (c) Spectrum showing high m/q for the
heavy fullerene ion fragments, N,,Cay., (58<2n<74), N, Conn” (52<2n<70), HoN,,Csy.., (70<2n<78), and
HOoN,,Co’” (68<2n<78), with m=0,1.



Fig. 2(c) shows the heavier fullerene fragment ions, i.e. NyCopm (58<2n<74), NuConm
(52<2n<70), HoN,,Copm (70<2n<78), and HoN,.Copn (68<2n<78), with m= 0,1. Here we list
m=0 or 1 because we are not able to distinguish the difference of 2 amu on these peaks due to the
broadening by recoil as well as the presence of C and N isotopes. The peak identified as HoNCgo"
is also suppressed compared to the raw m/q spectrum (see Fig. 1(b, c)), suggesting that HoNCygo
was an impurity (less than 0.1% according to SES Research). A few sets of fragments can be
identified in this spectrum. One set of fragments is located at m/q from 1007 to 1104 amu,
corresponding to the fragmentation processes that release 2 Ho and an odd number of C or N
atoms. The right most peak in this set is at ~1104 amu, corresponding to a release of two Ho and
three C and/or N atoms (HonC7g_m+, m=0,1), either the combination of two C and one N, or
three C atoms. The left most peak in this series at ~1007 amu corresponds to a removal of 2 Ho
and 11 C and/or N atoms (HoN,,C7o.. , m=0,1). The second set of fragments, found between 624
and 891 amu, are those where roughly half of the cage remains intact and forms a bond to the N
atom, while all three Ho atoms have dissociated from the system (NmCZn_m+, 58<2n<74). These
two sets of fragments have similar characteristics in both the singly and doubly charged states. No
evidence of endohedral fullerene fragments with the two remaining Ho still encaged was found
associated with Ho". Fullerenes containing 2 Ho might not be able to retain thermal equilibrium
without further fragmentation due to the enormous energy deposited into the system by the strong
laser field.

With the covariance map technique, we identified two predominant processes that are associated
with the release of Ho". One process is multiple fragmentation of the cage into many atomic and
small molecular carbon ions C," (1<n<23). As a result, the Ho" is exposed by the shattered carbon
cage. The other process is the emission of Ho" from the parent or intermediate endohedral
fullerenes, likely through Coulomb repulsion between Ho" and the rest of the fullerene, i.e., Ho"
escapes from the nearly intact carbon cage. In the latter case, at least a temporary opening on the
carbon cage is needed for the Ho to escape. Our current understanding suggests a mechanism
based on temporary bond breaking without fragmentation as explained in the following. Many
photons can be absorbed by a fullerene molecule in the strong laser field before fragmentation.
For instance, a few tens of photons could be absorbed by a C¢ molecule at a laser intensity of
1x10'" W/cm® in an 800-nm laser field. Due to the large amount of energy deposited into the
fullerene by the strong laser field, the carbon backbone becomes highly thermalized and a great
number of bonds between two neighboring C atoms may be temporarily broken without fully
fragmenting from the system, or simply allow ‘cage opening’ [45-47]. Indeed, Laarmann et al.
demonstrated that a few tens of 800 nm photons can be absorbed at laser intensity ~10"* W/cm?,
leading to a large amount of deposited energy and temporarily broken (elongated) bonds of
neighboring carbon atoms allowing for cage opening [48].

¢) KED of Ho"
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Figure 3. (Color online) KED of Ho" from HosN@Csy at the laser intensity of 4x10" W/em’. The red
circles and solid blue line are the experimental KE spectrum and its fitted curve, respectively. The fitted
spectrum consists of three components: 1) Ho" emission through Coulomb repulsion associated with
carbon cage opening (three green dashed line), 2) Ho" emission through escaping associated with cage
opening (magenta dotted line) and 3) Ho' emission associated with carbon cage multi-fragmentation
(black dash dotted line). The inset shows the VMI image of Ho".

To understand the fragmentation dynamics, we examine the kinetic energy (KE) of Ho", as shown
in Fig. 3. The tail of the overall KED curve is fitted by the “model-free” method by Klots [49],
which has been used extensively in other previous work [23,50-55] (dash-dotted curve in Fig. 3,
labeled V),

P(e) = aelexp (—lg) (1)

where a is a normalization factor, € is the position of the maximum of the KE distribution (i.e.,
the most probable KE value), and / is a parameter related to the interaction potential between the
fragments (0< / <1). For the best fit, / is found to be close to 1. The rest of the signal was fitted
with 4 peaks. The three almost linearly spaced peaks at 1.2, 2.2, and 3.4 eV (labeled as II, 111, IV)
were fitted with Gaussian distributions. These almost equally-spaced peaks can be explained by
Coulomb repulsion, where the fullerene cage opens such that Ho" are emitted. For instance, peak
II originates from intermediate or parent endohedral fullerenes with 2 charges, emitting a Ho" ion
while leaving a singly charged fullerene. Similar scenarios happen to peak III and IV, except with
parent fullerenes with 3 and 4 charges, respectively. Interestingly, a KE of 1.2 eV corresponds to
~50% of the KE a Ho" would share if the Coulomb explosion happens between a Ho" and a Cg,"
cage. Similar energy loss was also observed in the fragmentation of multiply-charged fullerene
dimers [52,56,57], during which half of the Coulomb energy was deposited into the internal
energy of the two smaller fullerene fragments. The low energy peak, labeled I, is also fitted with



the model-free method, and / for this peak was found to be close to 1 as well. This peak likely
manifests from the Ho™ being emitted from a singly charged parent or intermediate endohedral
fullerene during the cage opening, taking away the only charge. As for peak V, the broadened
distribution may be explained by Ho" being emitted through multi-fragmentation.
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Figure 4. (Color online) KED of Ho" at different laser intensities (a) 1.1x10" W/em?, (b)

1.5x10" Wiem?, (c) 2.1x10" W/em?, (d) 3.3x10" W/em?, and (e) 5.4 10" W/en’. The blue
dashed lines are the fit for peak V.

Since several laser intensities were used to excite the parent molecules, we were able to study the
fragmentation of parent molecules with different internal energies. The KEDs of Ho' at five
different laser intensities is shown in Fig. 4. When the laser intensity is at 1.1x10"* W/cm?,
1.5x10" W/em?, and 2.1x10" W/em?, peak I and II are clearly visible. Meanwhile at much higher
intensity, such as 5.4x10' W/cm® almost all the peaks are nearly indistinguishable. Peak V,
which is associated with multi-fragmentation of the cage accounts for 31%, 49%, 63%, 80%, and
87% of the total Ho' yield at laser intensity 1.1x10" W/em?, 1.5%10" W/em?, 2.1x10"™ W/em?,



3.3x10" W/cm?® and 5.4x10" W/em?, respectively, indicating that multi-fragmentation of the cage
is the dominant mechanism for Ho' emission at intensities higher than 2.0x10" W/cm®.

Campbell et al.[43] argued that a transition to a ‘pretzel’ phase [47] takes place at internal energy
[E] ~80-225 eV for Cg, and the fragment’s size shifts from being entirely fullerenes ([E] < 80 eV)
to entirely small fragments ([E] > 225 eV). We estimate the energy absorbed by HosN@Cg using
the cross section 0.04 A2 of Cg in a laser field with intensity 2.0x10" W/em? to be ~120+60 eV
(the uncertainty is estimated from the cross-section measurement in [16]). This absorbed energy
is not exactly the internal energy since the energy needed for the photoionization of the parent
molecule, and the few eV of the initial internal energy [58,59], are not taken into account.
However, our estimated absorbed energy qualitatively aligns with the transition internal energy
onset of the phase transition [E]=80 eV in Cg. This phase transition of the endohedral fullerene
can explain the results of Ho' associated with cage multi-fragmentation, dominating at laser
intensities >2.0x10" W/cm®.
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Figure 5. (Color online) (a) The yield of Ho" along with the singly, and doubly charged parent molecule
(PM) HosN@Cs, as a function of laser intensity. (b) Branching ratios between the ion yields of Ho™ and
the sum of HoC," and HoCN" (black circles), Ho" and PM" (red diamonds), Ho" and PM*", (green filled
triangles), and between Ho™ and N,,Cs,.,° (64<2n<72, m=0,1) (purple unfilled triangle). The results for
the parent molecular ions are reproduced from [8].



The power law, i.e., ion yield as a function of intensity, can help reveal various molecular
dynamics processes [8,14,60,61]. The power law for Ho" is plotted in Fig. 5(a). The Ho' yield
increases rapidly with intensity and follows the typical power law I", where n=6.5+1.1, and it
reduces to n=2.4+0.1 when the laser intensity is higher than the 2.0x10" W/cm®. The yields of
parent molecular ions reproduced from [8] are also shown for comparison. The power law slope
for Ho" at low intensity is close to that for the doubly charged parent molecule (n=5.7%0.5),
suggesting that multiply charged (>2) parent molecules might be the predominant source for Ho"
production. The yields of parent molecular ions also have similar two-slope features. The
intensity at the crossing point of the two slopes is defined as the saturation intensity [33], and the
slope (1<n<1.5) beyond the saturation point is caused by the so-called volume effect due to a
non-uniform laser intensity at the focal spot [32]. However, the slope for Ho' at intensity higher
than 2.0x10" W/cm? is steeper than the n=1~1.5 slope caused by the saturation ionization. As
mentioned earlier, the fragmentation of fullerenes depends on the energy absorbed from the laser
field. The ionization saturation of the parent molecule does not necessarily mean that the energy
absorption has saturated. Therefore, a steeper n=2.4+0.1 slope on Ho' yield emerges at
intensity >2.0x10'* W/cm®. The transition on Ho" yield power law at 2.0x10"* W/cm? also aligns
with our finding that multi-fragmentation of the cage is the dominate mechanism for Ho"
emission at higher intensities (see Fig. 4). Therefore, the transition of the Ho' yield power law
may originate from the following scenarios: 1) at lower intensities, the internal energy promotes
temporary C-C bond breakings, through which Ho" may breach out of the open cage, and its yield
mainly depends on the yield of the parent molecular ions; 2) at intensities higher than 2.0x10"
W/em?, high internal energy makes cage multi-fragmentation the dominant fragmentation process
for Ho" yield, which may reflect on the energy absorbed by the carbon cage.

Fig. 5(b) shows the branching ratios between Ho' and the parent molecular ions, N,,Conm' and to
the sum of HoC," and HoCN". The ratios for Ho'/PM" and Ho"/PM?*" increase almost linearly
with respect to the laser intensity >1.0x10"* W/cm® while the branching ratio for
Ho'/(HoC, +HoCN") initially decreases, and then is almost constant above ~2.5x10" W/cm®.
The ratio Ho'/N,,Ca,. increases with the laser intensity. This is because, while the Ho" emission
mechanism transits into multiple fragmentation for higher laser intensity, the abundance of ion
fragments associated with cage opening including N,,Ca,..,' decreases, resulting in a monotonic
increase in the branching ratio of Ho"/N,Conm -

The ratios between Ho' and the parent molecular ions, Ho'/ N,,Coym are boosted around 1.0x10'
W/em® laser intensity, where the saturation of singly and doubly charged parent molecular ions
occurs while the absorbed energy still increases with laser intensity. The simple relation between
Ho" and the parent molecular ions (see Fig. 5(b)) suggest a critical role played by the absorbed
energy in the fragmentation of Ho;N@Csy in a femtosecond laser field. Since the laser pulse
duration is similar to the time-scale for electron-electron interactions and much shorter than
electron-phonon couplings [14], the electronic subsystem of the fullerene is heated up during the
laser pulse, while the molecular backbone is still vibrationally cold. i.e. the fragmentation process
is the result of the redistribution of the internal energy from the electronic subsystem and the
Coulomb energy. This work complements the ionization, fragmentation and ion production of
Ho;N@Csgy in a femtosecond X-ray laser field [9] as well as X-ray synchrotron-based
photoionization work on Sc;N@Csgp [29]



IV. Conclusion

We investigated the fragmentation of Ho;N@Csg, induced by femtosecond, intense, near-infrared
laser pulses. Three different fragmentation processes were identified: the removal of an even
number of carbon atoms, the emission of atomic and small molecular carbon ions, and the release
of Ho" and Ho containing molecular ions via carbon cage opening or cage multiple fragmentation.
The KED of Ho" at different laser intensities suggests a transition in the mechanisms associated
with the production of Ho", as well as their emission through cage opening and cage multiple
fragmentation. Both the evolution of the KED of Ho" at different laser intensities and the almost
linear dependence of the ratio between Ho'™ and the parent molecule on laser intensities suggests
that the internal energy plays a critical role in the fragmentation of HosN@Csg in strong
femtosecond laser field.
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