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ABSTRACT: We report experimental observations of Coulomb explosion using a
nanosecond laser at 532 nm with intensities less than 10'* W/cm?. We observe 2
multiply charged atomic ions Ar"™* (1 < n < 7) and C" (1 < n < 4) from argon A s

r
clusters doped with molecules containing aromatic chromophores. The yield of Ar"** J\ ) X
depends on the size of the cluster, the number density, and the photostability of the 9

dopant. We propose that resonant absorption of Ary" achieves a high degree of &
ionization, and the highly positively charged cluster has the capability to strip 9
electrons from the evaporating Ar" on the surface of the cluster prior to Coulomb

explosion, forming Ar"".

L aser—matter interactions have long been categorized into
“strong” and “weak” field regimes." As a unique
phenomenon of strong fields, Coulomb explosion (CE) and
its characteristic multiply charged atomic ions (MCAI) have
been considered a result of field ionization achievable using
ultrafast lasers, on the order of 10 W/cm?*® Although
nanosecond lasers can achieve intensities of 10'2 W/cm?, these
intensities are far below the threshold for field ionization of
most atoms, with the exception of alkali metals." Hence, CE
and MCAI are considered rare if possible at all in nanosecond
laser fields. However, counter evidence to the general belief has
been reported first in 1981 by the Wittig group™ and more
recently by the Li group and the Vatsa group.’”'* The
presence of MCAI from nanosecond laser fields deserves a
systematic investigation.

On the basis of the reports of the Li group and the Vatsa
group,”™"* production of MCAI requires clusters, either pure
molecular clusters or rare gas clusters doped with neutral
molecules, at excitation wavelengths ranging from the infrared
(1064 nm) to the visible, while UV excitation is ineffective.
Power dependence of the yield of MCAI, including all atom
types present in the cluster except for hydrogen, reveals a
nonlinear process, but the exponent of the dependence is
mostly below 3, far smaller than the number of photons
required to produce a MCAL'"> Armstrong et al. attributed the
production of U** and W*' from UF¢ and WF¢ to “giant
resonances” of the heavy atoms due to their high density of
states.'® However, the molecular species from the Li group and
the Vatsa group contain no heavy atoms. Wang et al. then
proposed that the trapped electrons from nonresonant
multiphoton ionization (MPI) can be accelerated in the laser
field via inverse bremsstrahlung (IB), and the resulting
energetic electrons can produce MCAI through electron
impact ionization."”
relatively low kinetic energies of the observed electrons (less
than 25 eV'®) and the comparatively much higher ionization

To explain the discrepancy of the
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energies of some outer-shell electrons (>25 eV for all triply
charged nontransition metal atoms),"” screening effects of the
trapped nonlocalized electrons are invoked.

Two major issues face the model by Wang et al.'”
Classically, when a free electron is pushed against a nucleus
by an oscillating electric field, the electron can retain some of
the energy from the field. The rate of energy gain is
proportional to the ponderomotive energy and the rate of
collisions between the electron and nearby nuclei. Quantum
mechanically, an electron can only absorb one whole photon at
a time, and the classical model of IB heating is therefore only
valid when the ponderomotive energy far exceeds the photon
energy.19 At 532 nm in a field of 10" W/cm? the
ponderomotive energy is 3 meV,”” while the energy of one
photon is 2.3 eV. Hence, in this regime, the classical theory
does not apply.”” Another issue is the observed charge
distribution of the MCAL'’ If MCAI are produced through
sequential electron impact ionization, lower charge states
should be preferentially populated compared to higher charge
states, unless available neutral atoms have been exhausted.
Experimentally, the opposite has been routinely observed.®"*

In an attempt to resolve these issues, we performed
experiments similar to those of the Li and Vatsa groups,’™"*
but we used compounds with much lower vapor pressures as
cluster dopants, including indole (CgH,N), fluorene (C,3H,,),
2-iodofluorene (IFl, C,3H,l), 2-bromofluorene (BrFl,
C3HyBr), and pyrene (C4H;,). Variations of the heating
temperature and the stagnation pressure of argon allowed
systematic variations of the composition and size of the doped
clusters. We observed Ar** and C* (n > 1), in general
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agreement with previous reports.é_14 However, as the vapor
pressure of the dopant increased, the yield of MCAI changed
nonmonotonically. In addition, we also observed that the rise
of Ar"* superseded that of the sample MCALI in some cases. On
the basis of these results, we tentatively propose a modified
mechanism of energy accumulation and MCAI formation. We
believe that the primary mode of energy absorption is resonant
multiphoton absorption, in-line with the idea of “giant
resonances”.'® The solid argon cluster can accumulate a large
number of charges during a very short time (<1 ps), creating a
strong Coulomb potential on the surface of the cluster.
Thermal evaporation of any surface atom or ion would result
in the electrons of the departing species being stripped back to
the cluster in this Coulomb potential, ionizing the departing
species and producing MCAI Although qualitative, this
evaporation model agrees with most reported observations,
both from this work and from prior reports.’~"*

The experimental setup is a standard differentially pumped
pulsed supersonic molecular beam apparatus, with mutual
orthogonality among the molecular beam, the laser beam, and
a time-of-flight (TOF) mass spectrometer. The solid sample is
directly enclosed in the heated pulse valve (nozzle diameter:
0.5 mm) and mixed with the argon carrier gas. At a vapor
pressure of 10 Pa and a stagnation pressure 10° Pa (10 atm),
on average a cluster containing 1000 Ar should have at most
one neutral dopant. The excitation laser is the second
harmonic of a Q-switched Nd:YAG laser (Quantel Brilliant)
at 532 nm with a duration of 10 ns, pseudo Gaussian in both
spatial and time profile, focused using a lens of 25 cm in focal
length, with a resulting power density between 10' and 10"
W/cm?,

We have characterized the size distributions of the doped
clusters using the fourth harmonic of the same Nd:YAG at 266
nm at a power density of 7 X 10° W/cm?. Between stagnation
pressures of 4 and 17 atm, the most probable cluster size
increases from 150 to 1500 argon atoms. The TOF mass
spectra of BrFl are shown in Figure S1, and the resulting sizes
and size distributions are shown in Figure S2 and listed in
Table SI (Supporting Information). These sizes are consistent
within 20% for all the compounds investigated in this work.
Although different in the size and shape of the nozzle, these
numbers are also in general agreement with those from Hagena
and Obert.”' We consider these values the lower limits because
of the decreasing sensitivity of the microchannel plate detector
with increasing ion masses and potential fragmentation of the
cluster upon ionization.

Increasing the power density at 266 nm to 10'® W/cm? via a
focal lens only resulted in molecular fragments of the dopant,
without any detectable signal of MCAI. However, after
removing the frequency doubling unit and reducing the
power of the laser at 532 nm to the same level of 10" W/cm?,
we can observe abundant MCAIL Figure 1 shows the TOF
mass spectra obtained from fluorene doped clusters of two
different sizes. While the intensities of singly charged atomic
ions are relatively consistent, the intensities of Ar"™* are
sensitive to the cluster size, with the yields of Ar"" being
consistently higher for larger clusters. Furthermore, the charge
distribution of Ar"™ is nonstatistical, with Ar’* the most
abundant. The widths of the singly and multiply charged ions
are also noticeably different, with broader peaks indicative of
higher kinetic energies for higher charge-state ions.

Figure 2 shows the dependence of Ar"* from BrFl on the
cluster size. With increasing cluster sizes, the yields of lower
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Figure 1. Mass spectra of fluorene in laser fields of 10" W/em? at 532
nm. The two traces were obtained at two different estimated cluster
sizes as labeled.
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Figure 2. Size dependence of Ar"™* and C* from BrFl doped argon
clusters. The cluster sizes are the most probable size at the
corresponding stagnation pressures.

charge-state MCAI first increase and then reach a plateau or
even start to decrease, while the yields of higher charge-state
MCALI only start to increase at larger cluster sizes. We note
here that, different from the case of fluorene, the intensities of
singly charged C* and Ar" are the most intense in BrFl

The dependence of the yield of MCALI on the vapor pressure
of the sample is more complicated, as seen in Figure 3a.
Although the increase of C* is expected, the increase of Ar"*
with vapor pressure is not immediately intuitive. In fact, we
might expect competitive behavior between the atomic species
Ar"* and C"". More puzzling is the abundance of Ar*': it peaks
at 20 Pa, decreases sharply until 30 Pa, and then slowly
declines. The subtle oscillatory behavior at higher vapor
pressures is likely due to variations in the behavior of the valve.

This preference for highly charged MCAI at low vapor
pressures is a consistent pattern among all the compounds that
we have studied, including indole, fluorene, IFl, BrFl, and
pyrene. Data from BrFl are similar to those from IF], in both
charge-state distributions and overall ion intensity. Figure 3b
shows the abundance of the MCAI from fluorene. The overall
intensity of the MCAI is much higher, although no quantitative
comparison should be made because of minor differences in
the experimental conditions. Even clearer in Figure 3b is the
relative rate of increase of Ar** to that of C*: Ar** increases
much faster below 150 Pa.

Our results are in general agreement with those in the
literature,”~"* but several new observations are only possible
under the low vapor pressure conditions. We have also
recorded the power dependence of the ion yields, and the
fitting result is provided as Supporting Information: the
exponent of the laser power is 1.5 for Ar'* and 1.2S for C*.
These values are only slightly lower than those in the
literature.””'* We note that to remove one electron from
Ar** to Ar™*, 33 photons at 532 nm are needed.'”> The power
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Figure 3. Abundance of argon and carbon ions from Ar,z,, doped
with iodofluorene (a) and fluorene (b) at different vapor pressures of
the dopants.

dependence in these measurements is not representative of the
number of photons involved in the process. The fact that Ar**
can be more intense than Ar** and Ar* while all absolute
abundances are increasing with increasing laser intensity
contradicts the model of sequential electron impact ionization.
In addition, BrFl and IFl are more dissociative than fluorene
upon photoexcitation, and the yield of MCAI from these
halogenated compounds is much lower.

We propose a modified model of Wang et al.'” to account
for the observed patterns of MCAIL The energy levels of the
relevant species are shown in Figure 4. Direct ionization (or
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Figure 4. Relevant energy levels of the molecular species (M), argon
atom (Ar), and argon trimer (Ar;) in the proposed mechanism of
Coulomb explosion. The scale is relative, with the ground state of all
species lined up for direct comparisons of excitation energies.
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excitation) of argon at 532 nm requires 7 (or S) photons,
which is impossible under our field conditions, as evidenced by
our failed attempt to ionize pure argon clusters. However,
direct ionization of the molecular species only requires 3
photons. More importantly, all the molecular species in this
study contain the aromatic chromophore, and both the neutral
and cationic chromophorezz_25 have a resonance near 266 nm,
achievable via two photons at 532 nm. Hence, a S-photon
excitation of the dopant via two resonant states can reach the
first excited state of argon, and resonant energy transfer to the
surrounding argon atoms accomplishes the first step of Ar
excitation at 11.7 eV.* Further absorption by the excited-state
argon atom (resonant via the 3;)53d1 manifold) should then be
enough to achieve ionization."

Once the first Ar* is formed, the charge can be localized as
Ar,* or Ar;", and due to resonant absorption of Ar;*, the
number of Ar;* would rise exponentially. The absorption cross
sections of Ary* (N > 3) at 532 nm are on the order of 107'¢
em?,>*® comparable to those of the collective excitations in
%39 and in nanoplasmas produced in strong fields.”
This means that, for each Ar;*, there are 7 photons available
for absorption in 26 fs at a power density of 10> W/cm?,
producing one new Ar*, thereby a new Ar;*, and doubling the
number of Ar;*. Only 10 cycles of doubling (on the order of
260 fs) are needed to produce 1000 Ar;*. This process, to
some degree, can also be considered as “ionization ignition”.31
The mean-free-path of low energy electrons (<1 eV) in argon
is longer than 4 nm,*” while the radius of Aryq, is only 2 nm;
hence, a highly positively charged argon cluster, quite different
from a quasi-neutral nanoplasma, can be formed. We note here
that, for krypton and xenon clusters,® which were also observed
to produce MCAI in this regime, the corresponding transition
shifts to lower energies, but the width of the transition is broad,
and sufficient oscillator strength still remains at 532 nm,
particularly when the polydispersity of the cluster size is
included. Hence, this specific resonance of Ary* (or Ary*) is
not crucial to the general mechanism. For doped helium
clusters, however, because of the high excitation energy at 22
eV, no MCAI should be observed. This was indeed confirmed
empirically.

The highly charged cluster is unstable and will explode
under Coulomb repulsion. The binding energy of an Ary'
cluster with N > 20 is 50 meV per neutral atom;”** hence, the
total binding energy from a solvation shell of 30 neutral atoms
(at 1.5 eV*°) is comparable to the repulsive Coulomb potential
energy between two Ar" separated by 1 nm, assuming a
dielectric constant of vacuum.’® Therefore, at a density of 2.4
X 10%* atoms/cm® for solid argon,37 the cluster becomes
unstable when the ionization level exceeds 3%. However, if the
rate of ionization is faster than the rate of hole transfer, a hot
ionic core surrounding the dopant can be formed, while other
regions away from the dopant remain bound via the van der
Waal’s potential. The rate of hole transfer in solid argon is 0.01
cm?/V/s;*® hence, it takes 1.6 ps for an Ar* to move from 1 to
2 nm away from a unit charge. The higher the charge, the
shorter the transfer time. Additionally, the time scale of
Coulomb explosion can be estimated by calculating the time it
takes to displace two Ar* without the solvation shell from 1 to
2 nm, and the result is slightly more than 0.6 ps. These time
scales for charge transfer and Coulomb explosion are long
enough for the outer-shell electrons from an evaporating atom
or ion to escape the field of the nucleus and to return to the
field of the highly charged cluster.

https://dx.doi.org/10.1021/acs.jpclett.0c00092
J. Phys. Chem. Lett. 2020, 11, 1100—1105


https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00092?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00092?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00092?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00092?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00092?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00092?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00092?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.0c00092?fig=fig4&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://dx.doi.org/10.1021/acs.jpclett.0c00092?ref=pdf

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

With a high degree of ionization, thermal evaporation of
surface Ar or Ar' results in electron-stripping from the
departing species. The radius of a cluster is determined by
the number of atoms N and density p, and for a fixed degree of
ionization Y, the Coulomb potential from the cluster at the
surface of the cluster is (in Atomic Units u):

NY

4r 1/3
In sV NZ/aY(_p)
(E.i)m
p 4r (1)

3

When this potential is comparable to that from the nucleus
for a 3p electron, the departing atom or ion could lose the
electron to the remaining cluster. The effective charge
experienced by a 3p electron ranges from 1 (most shielded
scenario) to 6 u (least shielded), and assuming a radius of 1.3 u
for the atomic orbital,” the atomic potential ranges between
0.75 and 4.5 u. Figure S shows the highest charge state
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Figure S. Qualitative Coulomb potential energies on the surface of
argon clusters of different sizes, assuming that 10% of the argon atoms
are ionized throughout the cluster. When this energy is comparable to
the Coulomb potential energy from the nucleus of an Ar"** (calculated
assuming an orbital radius of 1.3 u and an effective charge of n u), as
illustrated by the horizontal lines and labeled on the right axis, an
electron can be stripped from the departing species, resulting in
formation of Ar"™.

energetically achievable for each cluster size assuming a 10%
ionization level. For example, if a neutral argon atom is to leave
a cluster of 140 atoms with 14 Ar, it could be ionized to form
Ar". From Figure S, to produce Ar®*, the cluster has to contain
190 Ar* with a size of 1900. Hence, there is a cutoff size for
each MCAI at a fixed degree of ionization, and a larger cluster
produces a more highly charged MCAI We note that when the
effect of tunneling is included, production of MCAI becomes
possible even if the cluster is slightly smaller than the cutoff
size.

We caution here that this model is only qualitative, ignoring
the change of the effective radius of the 3p electron at different
levels of ionization. Even at this very high degree of ionization,
the necessary cluster size to observe each MCAI still exceeds
the size observed from the experiment. We attribute this
discrepancy partly to the inadequate measurement of the
cluster sizes, as explained earlier. In addition, the cluster beam
has a wide size distribution, and the size range also increases
with increasing stagnation pressure (see Supporting Informa-
tion). The long tail of the size distribution at larger sizes could
easily contribute to the observed MCAI even when the most
probable size is still below the threshold.

This evaporation model is different from typical strong field
CE achieved via ultrafast lasers,” but it is similar to that
proposed by Wabnitz et al. on ionization of Xe, using a free-
electron laser.”' In essence, the MCAI observed in this
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experiment are not directly ionized; rather, they are formed as
they leave the cluster. The massive amount of photon energy
required to generate a single MCAI is supplied by energy
accumulation through resonant absorption by molecular ions
and rare gas cluster ions. The argon cluster ions are an
analogue of the “giant resonance” in heavy atoms.'® The ability
of the cluster to accommodate a large number of charges is
crucial to the formation of MCAI; the cluster is far from a
quasi-neutral nanoplasma.

This model suggests that the more stable the molecular
species, the higher the yield of the MCAI Hence, the intensity
of the MCAI from fluorene should be higher than that from
the more dissociative halogenated fluorenes, as observed
experimentally. In fact, we have also performed the same
measurements using I, as dopant, and within the range of
experimental parameters reported in this work, both I'"* and
Ar* (n > 1) were barely detectable. We attribute this failure to
the facile dissociation of iodine upon photoabsorption at 532
nm. The kinetic energy release during bond fission either
reduces the size of the cluster or induces cluster fission into
smaller clusters,"** and both scenarios are detrimental to the
formation of MCAL

The same mechanism can be used to explain the wavelength
dependence of the CE process. A higher energy photon tends
to impart more extra energy to the molecular species, opening
more channels of dissociation.

The effect of the sample vapor pressure on the abundance of
MCAI can also be explained by this model. The function of the
molecular species is limited to initiation of the chain
absorption process; hence, more than one molecule in the
cluster is not beneficial to the formation of MCAL On the
contrary, more covalent bonds from more doped molecules
increase the chance of large energy release upon photo-
absorption and dissociation, resulting in cluster fission or size
reduction.*** Consequently, at higher vapor pressures, the
abundance of higher charge-state MCAI decreases. However,
in pure molecular clusters studied by the Li group and the
Vatsa group,’”"* each molecule serves as both an initiation and
absorption center, beneficial to the formation of a highly
charged cluster for electron stripping.

The location of the dopant in the cluster is unknown,
although given the high polarizability of the dopants and the
overwhelming number of argon atoms, there is good reason to
believe that the dopant molecule is preferentially inside the
cluster. The faster rise of Ar"* with vapor pressure than that of
C"" in the low vapor pressure regions of Figure 3 is in general
agreement with this consideration. Evaporation prefers the
surface Ar atoms over the interior dopant C atoms.
Nevertheless, we did observe small amounts of singly charged
molecular fragments (C,") and multiply charged carbon atoms,
and they could be due to surface-bound dopants or from minor
channels related to dissociation of molecules located near the
surface of the cluster.

This evaporation model is consistent with increased
velocities of higher charge-state ions, and it also implies that
the MCAI should be spatially isotropic upon formation,
because the evaporation process bears no relation to the
excitation step of the dopant. In the report of Wang et al,, no
anisotropy in the ion yields was observed.**

We present CE in nanosecond laser fields from rare gas
clusters doped with semivolatile molecular species. The
excitation pathway involves near-resonant excitation of the
molecular species, energy transfer to the surrounding argon
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atoms, and ionization of Ar. The ionized argon clusters further
resonantly absorb a massive amount of photon energy for local
ionization, forming a highly charged ionic core. Evaporation of
Ar or Ar" from the cluster surface results in electron stripping
from the departing species. This model explains the non-
statistical abundance of Ar"*, and is consistent with almost all
experimental observations.
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