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Here we study the interaction of a nanosecond laser pulse with a nanoparticle to explore the mechanism of energetic ion formation and in particular
the particle size dependence. Multiphoton ionization and the subsequent electron impact ionization accompanied by inverse Bremsstrahlung
process are determined appropriate for generation of multiple charged ions. The Coulomb expansion of a positive ion cloud is then calculated with
molecular dynamics simulations, resulting in temporal evolution of ions, a radial distribution of kinetic energy of ions, and size-dependency of the
ion kinetic energy. A mass spectrum peak of ion simulated by the present model is found comparable to the experimental data. Alternatively, a
direct measurement of kinetic energy is also explained by the model. © 2014 The Japan Society of Applied Physics

1. Introduction

Recent advances in single particle mass spectrometry (SPMS)
has been used to obtain both the size and composition of
a single nanoparticle from a single measurement.1–3) This
offers the opportunity to probe in some detail reactivity of
nanoparticles in the absence of a substrate, as for example,
the solid-state reaction kinetics inside a nanoparticle,4) size-
resolved surface reaction kinetics,5) and the origins of
environmental particles.6) However a truly quantitative
analysis requires an understanding of ion production and
detection in the mass-spectrometer. In particular a recent
study3) has pointed to a complication whereby the velocity
distribution of laser-induced ions is dependent on particle
size and thus the ion-detection efficiency in a mass-
spectrometer is biased by particle size. One option is to
understand the bias sufficiently to make the appropriate
corrections. The other is to circumvent the problem, by for
example designing a new ion optics to maximize ion-
transport7) or generating less energetic ions.

We begin with a qualitative review of the physical process
under consideration. When a femto-second intense laser
pulse (>1015W cm¹2) irradiates a gas cluster,8,9) energetic
ions up to 1–100 keV are generated, along with more
energetic electrons of 0.01 to 1MeV, leading to a formation
of nanoplasma. The dynamics and energetics of the ions and
electrons have been explained qualitatively by a nanoplasma
model consisting of tunneling ionization, hot electron-impact
ionization, resonant heating of electrons, and hydrodynamic
expansion of ions and electrons.8) On the other hand, the
use of a nanosecond laser (<1011Wcm¹2) produces less
energetic ions of 1–100 eV.10,11) Under these conditions
photofragmentation10) and Coulomb explosion11) were pro-
posed as a potential mechanism, though any detail quanti-
tative modeling has not been reported.

In contrast to the extensive studies on gas cluster
ionization, considerable less attention has been focused on
the fundamental ionization behavior of nanosecond laser-
particle interaction. In part this is due to the relative newness
of interest in single particle mass spectrometry but also
because of some technical challenges: 1) much less detection
efficiency of nanoparticles due to their low concentration at
the laser focus,12–14) 2) a wide size distribution of particles

(10–300 nm) making it difficult to collect statistically mean-
ingful data at a particular particle size.3–5) To the best of our
knowledge, there is only one report15) that focuses to do this
application and involves a model of the hydrodynamic
expansion of the plasma.16) The hydrodynamic expansion
mechanism conflicts with the Coulomb explosion conjecture.
The former argues that the expansion is driven by pressure
forces while the latter argues that the ion repulsion drives the
expansion.

The objective of this study is to explore in more detail the
possible mechanism underlying the formation of particle size-
dependent energetic ions, through a direct measurement and
numerical simulation of the ionization process. The Coulomb
expansion of a positive ion cloud is simulated with molecular
dynamics simulations, resulting in a temporal evolution of
ions, a radial distribution of ion kinetic energies, and the
particle size-dependency of the ion kinetic energy. With this
information we are able to obtain a simulated mass-spectrum
of the Na ion and compare it with experimental data.

2. Experiment

As a model system, NaCl aerosol nanoparticles are generated
in the size range of 30–300 nm by a conventional spray
drying process.3,4) The aerosol particles are fed into the
SPMS consisting of an aerodynamic lens inlet, a source
region for particle-to-ion conversion with a free-firing
frequency-doubled pulsed Nd:YAG laser, a 1-m-long linear
time-of-flight (TOF) tube and a microchannel plate (MCP)
detector, as depicted in Fig. 1. Aerosols are tightly focused
to a sub-millimeter beam, and then ionized by an intense
pulse of the laser operating at 10Hz, 532 nm in wavelength,
5 ns of duration time, and 3 © 1010Wcm¹2 of laser fluence
at the focus. Details of the instrumentation are described
elsewhere.3,7)

The laser beam was initially vertically polarized. By using
a half-wave plate, the polarization direction was rotated to 45
and 90° (horizontal), in an effort to elucidate the nature of
ionization in terms of laser-ion or laser-electron coupling.
More than 500 NaCl particles were analyzed by the SPMS at
each polarization direction. It is interesting to note that there
is no apparent effect of polarization angle on total peak
intensity and profile. This observation for single particle
ionization using a ns laser pulse is in marked contrast to the
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case of a fs laser ionization of gas clusters:17) a strong
polarization-angle dependence of average ion energy when
Xe clusters are irradiated by a fs laser pulse with 1.3 ©
1016Wcm¹2. Hence, it is speculated that the ionization in
part or expansion process is essentially isotropic.

Figure 2 shows typical mass spectra of 70 nm NaCl
particles consisting of four major peaks of singly- and
doubly-charged ions (Na+, Cl+, Na2+, Cl2+), and two minor
peaks of chlorine isotope (Cl37+ and Cl372+). Because the salt
NP’s, which are hygroscopic, are generated from water
atomization, and then dried, a water signature is occasionally
observed in the mass spectrum. The spectrum clearly shows
that the peak shapes are not symmetric and have a tail on the
low-mass side of the peak. Ion trajectory simulations3) show
that this behavior results from the different flight distances
traveled by ions that when created are ejected either away or
toward the MCP. Those that were ejected away from the
MCP travel some distance in the ion-extraction region, before
being turned around by the field. Those with higher energy
travel further before being turned around so that those ions
that happen to be ejected away from the MCP experience a
temporal focusing much like a reflectron configuration which
narrows the arrival time.2–4,7) On the other hand, those ions
that are ejected toward the MCP have arrival times that reflect
their initial kinetic energies along with those ions that are
ejected off-axis and collect by the field. These ions are
responsible for the long tail shown at the low mass side of

each mass peak. Thus the full width of a peak, as indicated by
¦TOF in Fig. 2, is a measure of the maximum kinetic energy
(Ek,max) of ions. Using the theoretical relationship for sodium
ion in the present condition [Ek,max (eV) = 43020q2¦TOF
(µs)2: q is number of multiple charge]. Ek,max was estimated
as a function of particle size by size selecting particles with
a differential mobility analyzer3,7) (DMA; TSI). Figure 3

Fig. 1. Schematic of single particle mass spectrometry.
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Fig. 2. Typical mass spectrum of a 70 nm NaCl nanoparticle.
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shows the first experimental measurement of Ek,max vs
particle size (dp). It is quite clear from this result that bigger
particles produce more energetic ions. The size dependence
can be fitted to a power law in particle size with a measured
exponent of 1.47 (Ek;max / d1:47p ) which is reasonably close to
the predicted value3) of 1.64.

As previously mentioned it is well known that irradiation
of gas clusters with femtosecond8–11,16,18) or nanosecond19–21)

lasers results in the production of multiple charged ions,
However the fact that a nanosecond laser with moderate
fluencies (3 © 1010Wcm¹2) can produce such high energy
ions from nanoparticles is a new and unexpected result. Of
particular interest is to note that the values of ion kinetic
energy are well above the values predicted by the hydro-
dynamic model proposed by Zhou et al.15) The other major
difference with gas-cluster is the lack of any molecular ions
(e.g., NaCl)x+, Na2+, and Cl2+ i) observed from nano-
particles. The rest of this paper is devoted to a plausible
mechanism of the formation of size-dependent energetic ions
from nanoparticles.

3. Theoretical background

Under the typical operating condition of the SPMS, positive
ions and electrons are generated in the absence of negative
ions because the laser intensity is several orders-of-
magnitude higher than ionization potentials and binding
energies of most ions.2–6) Given that the photon energy of
laser pulse is well below the ionization threshold, the
ionization mechanism has been attributed to multiphoton
processes (MPI). To assign a likely mechanism, we estimate
the Keldysh parameter £ (¼ !0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2EIPme

p
=eE0) where ½0 is

laser frequency, me is electron mass, EIP is ionization
potential, and E0 is electric field strength of the laser. For
Na+ ions (EIP = 5.14 eV), the parameter £ is ca. 75, much
larger than unity, suggesting that the field ionization (above
threshold ionization (ATI) or tunneling ionization) cannot
occur.8,16,10–21)

For a direct ionization and for our given wavelength
(532 nm), a four-photon ionization is necessary for NaCl. The
ionization rate P(I) (parts cm¹3 s) is obtained by22)

PðIÞ ¼ �4
I

h�!

� �4

Ns; ð1Þ

where the cross section, ·4 = 2 © 10¹114 cm8 s3, laser inten-
sity, I = 3 © 1010Wcm¹2, the atomic density, Ns = 8.99 ©
1022 parts cm¹3, and the term “parts” denotes number of ions
or electrons. Though high density of ions, ca. 3.65 © 1016

parts cm¹3 is created in a 5 ns pulse the ionization efficiency
is quite small ³4 © 10¹7. To produce the doubly ionized
(Na2+ or Cl2+) would require more than ten photons for
direct optical ionization, and given the power dependence the
yield would be miniscule. We can thus safely conclude that
MPI cannot be responsible for the generation of multiple
charged ions.

Next we consider a qualitative model proposed for gas
cluster ionization with a nanosecond laser.19–21) Free
electrons of low energy generated by MPI are likely caged
in the gas cloud, forming a nanoplasma at the beginning of
the laser pulse, which are rapidly heated by the laser field
through the inverse bremsstrahlung (IBS) process. When the
electrons acquire sufficient energy over the ionization
potential (IP) of the neutrals or the ions, electron impact
ionization (EII) can take place to produce higher-charged
ions. The rate of EII per ion (WkT), in unit of parts s¹1, is
estimated by the semi-empirical formula by Lotz23) as

WkT ¼ 6� 10�8neqi
13:6eV

EIP

� �3=2 EIP

Te

� �1=2

� exp
EIP

Te

� �Z 1

EIP=Te

e�x

x
dx; ð2Þ

where electron density ne is approximated to the ion density
ni of 3.65 © 1016 parts cm¹3 right after the MIP process, qi is
number of equivalent electrons in the outermost shell of ions
or neutrals, Te is mean electron energy in eV, and the integral
term is numerically calculated. Figure 4 shows the calculated
rate of ionization (EII) as a function of electron temperature
and indicates a very strong non-linear function on electron
energy. This calculation was made for electrons and ions at
the initial density (3.65 © 1016 parts cm¹3). Accounting for
the electron avalanche during this process as well as rapid
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Fig. 3. Power dependences of maximum kinetic energy and difference in
TOF on the particle size.
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heating as shown below, the EII process would appear to be
the likely mechanism responsible for generation of doubly-
charged ions.

Next we consider electron heating by the IBS process.
Provided that laser pulse energy is absorbed primarily by
free electrons, the heating rate per electron is given by8,19,20)

dE/dt = ¯Up, where Up (= 9.3 © 10¹14I2) is the ponder-
omotive potential in eV in which I is laser intensity in
Wcm¹2 and  is laser wavelength in µm. The electron–
ion collision frequency ¯ in Hz is given by � ¼ 2:9�
10�6ðZne=T3=2

e Þ ln�, where Z is charging number of ions
and lnª is the standard Coulomb logarithm. Table I lists the
heating rate per electron estimated as a function of Te, for two
limiting cases of free electrons existing at solid density
(8.99 © 1022 parts cm¹3) and the initial density (3.65 © 1016

parts cm¹3). The EII process should greatly increase the
electron density (see Fig. 4), which would turn on the IBS
process, so as to heat the electrons up to ³14 keV within 1 ns.
However, while electrons become hotter, the collision
frequency and the resultant heating rate are both greatly
decreased, suggesting that the electron energy is limited,
probably below 1 keV (refer to Table I).

Next we consider behavior of electrons and ions during the
expansion process following or accompanied by the electron
heating. According to Ditmire et al.’s nanoplasma model8,18)

and a more advanced hydrodynamic model,16) most electrons
never escape from the plasma, and undergo a rapid hydro-
dynamic expansion together with positive ions. Neither
model however can explain their own experimental finding of
angular anisotropic (laser-polarization dependent) energies
and the resultant spectral peaks of electrons and ions17) upon
the femto second laser irradiation on gas clusters.

In contrast to the case of femto-second laser experiments
on gas clusters, our experiment revealed that ion yield is
independent of the laser polarization, and thus more
consistent with the Coulomb explosion postulated as a
mechanism for the formation of energetic ions (<100 eV)
during nanosecond laser irradiation to gas clusters.19–21) Of
particular interest is to note the current nanosecond laser
induces an electrostatic barrier potential24) Ub as low as
³1.5 eV around an ion, much lower than the present electron
energy. This suggests that most of the electrons exceed the
attraction barrier from a localized ion so that they can move
to and accumulate around the surface of the plasma. Then,
the outermost electrons are likely forced to escape from the
plasma, layer by layer until leaving a single surface layer of
electrons, in response to the Coulomb repulsion exerted by
the inner-layered electrons rather than the attraction by the
positive ionic core. The escaping electron reduces the

electron–ion collision frequency, and thereby degrades the
EII process. This might be a possible reason for the absence
of triply-charged ions in the mass spectra (see Fig. 2) despite
the fact that the computed electron energy is much higher
than their corresponding ionization potentials. Finally, there
remains another unsolved problem, i.e., why are the ions so
energetic.

4. Nuclear dynamics of positive ion cloud

To investigate the possible reason for energetic ion formation,
we develop a simple molecular dynamics (MD) model under
the following assumptions; 1) In the course of three parallel/
sequential processes such as MPI, EII, and IBS, free electrons
completely (or near so) escape from the nanoplama, leaving a
spherical ion cloud, and 2) the ion cloud expands with
spatially uniform density.8) As the simple expansion of ion
cloud is driven by the Coulomb repulsion between ions, the
simple mechanism was called the Coulomb expansion.
However, the figure of Coulomb expansion is somewhat
distinct from the Coulomb explosion which requires the
formation of highly-charged cluster ions. Unlike the
Coulomb explosion often leaving molecular peaks in the
mass spectra, the present mass spectra as shown in Fig. 2 do
not show any signature of molecules. Figure 5 shows the
spherical coordinate system for the MD simulation, where ri
and rj denote the radial position vectors of the ith and the
jth ions. The relative position vector between the ions is
given by

rij ¼ rj sin �j cos�j �̂þ rj sin �j sin�j|̂

þ ðrj cos �j � riÞk̂: ð3Þ
The differential force vector d6Fij exerted on the ith ion by
the jth ion is obtained by differentiating the corresponding
Coulomb potential Uij as

Uij ¼ 1

4�"0

qiqj
rij

; d6Fij ¼ �rUij ¼ 1

4�"0

qiqj
r3ij

rij; ð4Þ

where ¾0 is vacuum permittivity, and qi and qj are ionic
charges of the ith and jth ions. Any tangential and
circumferential components of the force d6Fij are cancelled

Table I. Heating rate per electron by IBS process at different electron
temperatures.

Te
(eV)

dTe/dt per electron (eV/s)

at solid density of electrons at initial density of electrons

6 1.39 © 1013 4.01 © 107

20 3.45 © 1012 8.25 © 106

50 1.40 © 1012 2.30 © 106

100 6.39 © 1011 8.71 © 105

500 8.63 © 1010 8.99 © 104

Fig. 5. Spherical coordinate system for an ion cloud.
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out due to the axis symmetry, so that the net force on the ith
ion d3Fi by all other ions is obtained by integrating d6Fij over
the entire volume of the sphere as

d3Fi ¼
ZZZ

d6Fij � k̂

¼
ZZZ

1

4�"0

�2 dVi

r3ij
ðrij � k̂Þ dVj

¼ �e

3"0
ri; or

�2 dVi

3"0
ri; ð5Þ

where μ and dVj (¼ r2j sin �j d�j d�j drj) are charge density
of ions in and the differential volume for the jth ion,
respectively. Note that the net force on the ion linearly
increases as radial position of the ion increases, suggesting
that surface ions become most energetic. The explicit
equation of the net force on any ith ion greatly reduces the
overall calculation, relative to a conventional molecular
dynamics simulation.

Providing initial values of the cloud radius R0, number of
ions Ns, and charge density �0 ¼ N se=ð4�=3R3

0Þ, the accel-
eration of any ion is obtained from Eq. (5), and with
Newton’s second law we obtain the instantaneous temporally
varying velocity and kinetic energy Ek of ions. Likewise, the
velocity and the resultant displacement vector of the ion
updates the next-step position of the ion. The Verlet
algorithm is used for all time integrations with second order
accuracy.25) At the same time, the effective potential energy
on the ith ion at r = ri is obtained by integrating Uij over all
jth ions as

d3Ui ¼ 1

4�"0

ZZZ
�2 dVi

rij
r2j sin �j d�j d�j drj

¼ �2 dVi

12"0
ð3R2 � r2i Þ; ð6Þ

where R is outer radius of the spherical ion cloud at any time.
The total potential energy of the entire ion cloud U is given
by integrating d3Ui over the volume as

U ¼
ZZZ

d3Ui ¼ 4

15

�

"0
�2R5:

The average potential energy per ion is simply obtained by
dividing U by total number of ions Ns as follows and is
proportional to the particle surface area:

�U ¼ U

Ns
¼ 3Ue

�4�R3
¼ �R2

5"0
: ð7Þ

In this way, the temporal evolution of R, U, and Ek are
simulated. The results indicate that the potential energy U is
completely converted into kinetic energy within 100 ps, so
that the average kinetic energy �Ek is proportional to surface
area of the original particle (/ R2

0). It is interesting to note
that the exponent of 2.0 from MD simulation is reasonably
close to the experimental values of 1.47 in Fig. 3 and 1.64
from our previous work.3) Moreover, the local kinetic energy
of ions Ek(ri) is spatially not uniform; EkðriÞ=Ek;max ¼ r2i =R

2

along with �Ek ¼ Ek;max3=5, in response to the ri dependence
of d3Ui [see Eq. (6)]. This spatial dependence of Ek, together
with the previous finding3) of detection efficiency DE =

0.16/Ek, indicates that most energetic surface ions will be
underrepresented relative to less energetic inner ions in an

experiment leading to a significant bias in the compositions
of core–shell composite particles.

In Ref. 3, an ion tracing method was introduced to obtain
the TOF of ions emitting at different values of Ek and ª

(emitting angle with respect to the TOF axis) from which a
function relationship of TOF(Ek, ª) was obtained. Recalling
EkðriÞ ¼ Ek;maxr2i =R

2, it is possible to predict the TOF of
every ion radially emitting from a location of ri and ª, and
determine if it will strike the MCP and be detected. Consider
a differential sector of ª ³ ª + ¦ª and ri ³ ri + ¦ri
where the number of existing ions ¦Nª is given by
�2�r2i sinð�Þ���ri. For an initial value of Ek,max, a single
value of TOF is calculated for the ions and then ¦Nª times
recorded in a database if the ions are detectable. This process
is repeated until the entire volume of the ion cloud is scanned,
resulting in a tabulation of TOFs for all detectable ions, from
which a histogram of detectable ions can be constructed and
actually corresponds to a single peak of a mass spectrum. In
this way, a mass spectral peak of Na+ is simulated for a
70 nm NaCl particle, provided Ek,max = 100 eV. Figure 6
shows that the simulation is in excellent agreement with the
experiment. The fitting parameter of Ek,max is a little lower
than the lower limit of the measured value 170 « 55 eV (see
Fig. 3), which is probably originated from the simplification
of the present model.

5. Direct measurement of ion kinetic energy

In our experiment, the strong Ek dependence of the detection
efficiency hampers the detection of ions with energies higher
than 1000 eV. To circumvent the problem we removed the
TOF tube, so that the MCP was mounted much closer to the
source thus greatly increasing the acceptance angle as
depicted in Fig. 7. This external field-free setup offers a
great benefit enabling Ek-independent measurement of ions,
i.e., with the Ek-independent detection efficiency. In this
setup, however, identification of species is impossible and hit
rate of particles is significantly reduced thus precluding
particle size selection.

Figure 8(a) shows a typical mass spectrum obtained in the
field-free condition. The spectrum shows two broad peaks at
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0.84 and 2.36 µs corresponding to doubly and singly charged
ions, respectively. The gray line in Fig. 8(a) results from the
model simulation as follows. In the setup, the TOF of ions are
simply related to the Ek or ion velocity Vi as

TOF ¼ L

Vi
¼

ffiffiffiffiffiffiffiffi
mi

2Ek

r
L: ð8Þ

Next, a probability for ions to have an energy between Ek and
Ek + ¦Ek is defined by the term of f(Ek)¦Ek where f(Ek) is
called an energy distribution function. In the uniform-density
one-dimensional space, the probability can be set equal to
the fraction of ions (¦Ni) existing in a sub-shell between
ri and ri + ¦ri, relative to Ns, so that f ðEkÞ�Ek ¼
�N i=N s ¼ 4�r2i�ri=V 0 where V0 is total volume of the
cloud. Then, the exact functional form of f(Ek) is given by

fðEkÞ ¼ 3
ri
R

� �2dðri=RÞ
dEk

¼ 3

2

ffiffiffiffiffiffiffiffiffiffiffiffi
Ek

Ek,max

s
1

Ek,max
: ð9Þ

The intensity I in Fig. 8(a) represents a number of ion
detected in a second, i.e., I £ dNi/dTOF. Since f(Ek) £ dNi/

dEk, the intensity is proportional to f(Ek) © dEk/dTOF. The
term of dEk/dTOF is given from Eq. (8). Hence, the intensity
I is expressed in terms of TOF as

I / fðEkÞ dEk

dTOF
/ TOF3min

TOF4
3L; ð10Þ

where TOFmin is a minimal value of TOF exhibited by the
fastest ion having Ek,max [see Eq. (8)]. Thus Eq. (10) is used
for simulation of each of ion groups such as Na+, Cl+, Na2+,
and Cl2+ with the constraint of TOF ² TOFmin and proper
guesses of Ek,max for each groups. According to the present
model in Sect. 4, there is no reason for ions of Na+ and Cl+

to have different values of Ek,max as long as they are mixed
together right before their expansion. Also this is supported
by the measured relative composition close to theoretical
value.3,4) Given 320 and 3.2 keV for singly- and doubly-
charged groups, respectively, the experimental profile is
reasonably predicted by the present model as presented in
Fig. 8(a). The value of 320 eV for singly charged ions still
lies in the observed kinetic energy in Fig. 3.

Another thing to note is that the electron peak near zero
TOF is so low relative the peaks of ions, suggesting that most

of electrons are not detected, presumably due to the negative
voltage barrier supplied to MCP (see Fig. 7). Regarding
the value of ¹967V on the first plate, the kinetic energy of
electrons is lower than 1 keV. Here it is very interesting to see
in Fig. 8(b) that the Ek of ions reaches 7 keV. This implies
that ions follow another route to have such a high kinetic
energy. Such decoupling of ions and electrons make the
hydrodynamic model questionable in the present condition.
Figure 8(b) was simply obtained by converting TOF in
Fig. 8(a) to Ek by using Eq. (8).

6. Conclusions

Throughout this paper, four sequential/parallel processes
were proposed as a mechanism for the formation of energetic
ions with multiple charges revealed by single particle mass
spectrometry. The MPI process initiates ionization of
particles to produce free electrons that would be subjected
to further process of EII and IBS process, leading to
generation of doubly-charged ions. Raising a possibility of
electron–ion decoupling during/after laser irradiation, we
developed a simple code to examine the nuclear dynamics of
positive ions. As a result, the model predicted reasonably
well the mass spectral peak observed by experiment. Further
experiment made in a field-free condition revealed that
kinetic energy of ions reached 7 keV, far beyond the
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prediction by hydrodynamic models. Therefore, we would
conclude that there still open a possibility that the Coulomb
expansion is responsible for generation of energetic ions.
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