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ABSTRACT

This study investigated the dynamic characteristics of ions emitted from materials subjected to short-pulsed laser interactions. To investigate the difference in
ablation dynamics due to laser pulse irradiation with the same energy but different time scales, we developed a time-of-flight (TOF) mass spectrometer and analyzed
the TOF ion profiles obtained by irradiating 180 fs 800 nm Ti:sapphire femtosecond laser and 1 ns 355 nm Nd:YAG nanosecond laser. The effects of incident laser
interaction with CsI deposits were examined for laser pulse energies ranging from 400 to 1000 nJ, corresponding to laser intensities of 7.1 x 10'1-1.8 x 102 W/cm?
for femtosecond lasers and 1.3-3.2 x 108 W/cm? for nanosecond lasers. With an ion trajectory simulation incorporating a shifted Maxwell-Boltzmann initial velocity
distribution and continuous ion emission, we analyzed the ion emission dynamics from the TOF profiles. Compared with nanosecond lasers, femtosecond lasers
generated ions with higher initial velocities but lower temperatures. Under nanosecond laser irradiation, ion emission continued for tens of nanoseconds after the end
of the laser pulse, and its duration increased with increasing laser pulse energy. However, no continuous emission occurred under femtosecond laser irradiation.

Introduction

Over the past 20 years, femtosecond laser-produced plasma (LPP)
has been studied for a wide range of industrial and academic applica-
tions [1-3] such as pulsed laser deposition [4], laser-induced breakdown
spectroscopy [5], laser ablation inductively coupled plasma mass spec-
trometry [6], and ion implantation [7]. The pulse interaction mecha-
nism of femtosecond (fs) laser with a solid target is fundamentally
different to that of nanosecond (ns) laser because of its ultrashort irra-
diation periods and ultrahigh intensities [8,9]. For ns laser, material
transformation with a long period and low intensity (108-10° W/cm?)
pulse proceeds in thermal equilibrium between electrons and ions [10].
A large part of laser energy is deposited into the plasma plume generated
by a continuous energy transfer from electrons to ions of the target
material through electron—-phonon collisions, resulting in continuum
plasma expansion that lasts up to hundreds of nanoseconds [11]. For fs
laser, the intensity is typically between 10'° and 10'® W/cm?2. When the
laser intensity exceeds the ablation threshold of the target material
(around 10'3-10'* W/cm?), the initial nonequilibrium process of
laser—-matter interaction occurring within the first 100 fs involves elec-
trostatic ablation. Specifically, the target surface electrons absorb the
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pulse energy and escape, generating a strong electrostatic field that
extracts and accelerates a small number of ions from the target. During
this process, the extracted ions remain cold, inhibiting conventional
thermal expansion [12,13]. After 100 fs, the interaction proceeds to a
transitional state, where electron-phonon and electron-ion collisions
occur in picoseconds, causing a large number of ions to be emitted
[14,15].

To compare and characterize ion emission processes induced by fs
and ns laser ablation, optical emission spectroscopy has been widely
employed in previous studies, often accompanied by intensified charge-
coupled device fast photography [16,17]. These techniques allow to
measure LPP parameters, such as excitation temperatures, electron
density, species distributions, and time and spatial distributions. In
addition, various studies have employed time-of-flight (TOF) profiles to
investigate ion emission using Langmuir probes [18], Faraday cups [19],
electrostatic energy analyzers [20,21], and TOF mass spectrometers
[22]. In these methods, the velocity distribution of ions emitted by a
single laser shot can be captured from the ion flight distance and TOF
measurements. Most studies using TOF profiles assume that the ion
production time scale is negligible compared with the time to accelerate
and TOF of ions [23]. However, optical emission spectroscopy has
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demonstrated that the lifetime of the LPP extends beyond the duration of
the laser pulse [24,25]. Nevertheless, TOF-based investigations have
generally not fully considered the potential effects of the LPP lifetime on
the initial velocity distributions of emitted ions. Such an oversight may
result in an incomplete characterization of ion emission dynamics.

In this study, we developed a TOF mass spectrometer to study ion
emission under ns (10® W/cm?) and fs (10'°-10% W/cm?) laser irradi-
ation, focusing on the differences in ablation dynamics arising from the
application of the same pulse energy over different time scales. To better
understand ion emission, we conducted ion trajectory simulation with
the initial ion velocity distribution represented by a shifted Max-
well-Boltzmann distribution (SMBD) [26] and Gaussian distribution
representing continuous ion emission.

Experimental methods
Experimental setup

The schematic of the developed experimental setup is shown in
Fig. 1. The setup comprises a laser system and TOF mass spectrometer. A
Ti:sapphire fs laser system (Rega 9000, Coherent, USA) delivers 180 fs
pulses at a 10-200 kHz repetition rate and center wavelength of 800 nm.
The Rega 9000 amplifier is seeded with the mode-locked oscillator and
pumped by a Nd:YVOy4 laser. The pump laser also pumps the oscillator.
The laser pulses are introduced into a prism pair for group velocity
dispersion compensation to control the laser pulse duration. The
femtosecond pulse (800 nm) train is divided into two parts by a beam
splitter. To ensure precise timing synchronization in ion TOF measure-
ments, one pulse train is focused on the p-BaB;04 crystal to generate a
400 nm second harmonic, which is detected by a silicon photodiode to
produce a reliable trigger signal for an oscilloscope. The other pulse
train is focused onto the sample plate of the TOF mass spectrometer with
a spot diameter of 20 pm. A passively Q-switched Nd:YAG ns laser sys-
tem (FTSS 355-50, CryLas, Germany) outputs a wavelength of 355 nm
and 1 ns laser pulses at a repetition rate of 200 Hz. The nanosecond pulse
(355 nm) train is similarly divided into two parts by a beam splitter. One
ns pulse train is detected by the silicon photodiode to produce a trigger
signal for the oscilloscope synchronization, while the other pulse train is
focused onto the sample plate with a spot diameter of 20 pm. Both fs and
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ns laser irradiations are performed under high-vacuum conditions
(~107° Pa). The laser irradiation position on the sample plate is
controlled by Galvano mirrors. The pulse energy of the fs laser is directly
measured at the sample surface using a power meter (OPM-572,
SANWA, JAPAN) before the measurement, ensuring that the reported
pulse energy corresponds to the actual fluence at the ablation site.
Similarly, the ns laser energy is measured at the sample surface with a
power meter (PM-245, NEOARK, JAPAN). The pulse energies of both fs
and ns lasers are adjusted using an optical filter. Note that although
different wavelengths are used for fs and ns lasers, the wide band gap
energy (5.4-5.9 eV [27]) of the CsI sample allows the photothermal
mechanism to dominate for both UV and IR laser irradiation; therefore,
the difference in wavelength is not a significant factor in comparing the
ablation process with ns and fs laser irradiation. Details are given in Sec.
3.

A voltage of 3.0 kV is applied to the sample plate, and the emitted
ions are accelerated between the sample plate and grounded aperture-
shaped acceleration electrode. Through a 193 mm free drift region,
the ions are separated on their mass-to-charge ratio and detected by a
microchannel plate detector (F12334-11, Hamamatsu Photonics,
Japan). Since a positive extraction voltage is applied to the sample plate,
only positively charged ions are accelerated and detected. The detected
ion signals are acquired by a 1 GHz digital oscilloscope (DSO7104A,
Agilent, USA) and transferred to a computer as waveform data. After the
computer receives the waveform data from the oscilloscope, we obtain
TOF spectra through a signal-averaging method. Each TOF spectrum is
obtained by accumulating waveforms for a specific number of laser shots
to reduce random noise.

Sample preparation

We select cesium iodide (CsI) as the sample. CsI has a simple
chemical composition with both atomic species being monoisotopic,
which simplifies mass spectrometric analyses and is convenient for the
study of the physical aspects of the ablation process [28]. CsI is depos-
ited at a thickness of 1000 nm under a pressure of 2.0 x 107> Pa with a
deposit velocity of 0.2-0.4 nm/s using a physical vapor deposition
equipment (Knenix, KVD-670, Japan). From atomic force microscopy,
the surface roughness is evaluated to be within 1 pm, which corresponds
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Fig. 1. Schematic of experimental setup involving TOF mass spectrometer and laser system.



J.Z. Wang et al.

to a TOF difference of less than 1 ns.
Ion trajectory simulation

To observe the ion temperature and initial velocity under different
laser pulse energies and durations, we conduct an ion trajectory simu-
lation based on the ion source structure and dimensions. As shown in
Fig. 2, the ion source consists of a sample plate and two coaxially aligned
aperture-shaped plates. The sample is mounted on a 1.5 mm-thick 34
mm-diameter aluminum plate biased at 3.0 kV. The first aperture plate is
positioned 11.0 mm away from the sample plate and biased at 0.0 kV.
The second aperture plate is located 5.5 mm away and held at ground
potential. Both aperture plates are 2.0 mm in thickness and 34.0 mm in
diameter, with central aperture diameters of 2.4 and 2.9 mm, respec-
tively. Ions are extracted through these apertures and accelerated into
the drift region.

The electrostatic potential distribution of the ionization source of the
TOF mass spectrometer is obtained with the surface charge method [29],
and the ion trajectory is calculated using the fourth-order Runge-Kutta
method. We assume that the initial velocity distribution of the emitted
ions follows a two-dimensional shifted Maxwell-Boltzmann distribution
(SMBD) defined as

m; 2 m; 2
fvy) = (m) eXp{—m(vz — Vshifted) } , 1)

fo) = (2”’,':;Ti)%exp -

Eq. (1) was proposed by Torrisi et al. [26]. Here, Vppeq is the center-of-
mass velocity of the expanding plasma that is a combination of plasma
adiabatic expansion velocity and Coulomb acceleration velocity [30]. In
addition, T; is the ion temperature, m; is the ion mass, kg is the Boltz-
mann constant, v, is the velocity component perpendicular to the sample
surface, and v, is the radial (in-plane) velocity component.

In addition to the SMBD, we introduce a model in which ions are
continuously emitted from the sample surface over a finite period
following a laser pulse, allowing to accurately reproduce the experi-
mental results. This model accounts for two scenarios. In one scenario,
all N ions are emitted at the end of the laser pulse t; = 0, while in the
other scenario, N ions are continuously emitted beyond t, following a
Gaussian distribution. In this model, the emission rate of ions, n(t), is
expressed as

m;
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where y and ¢ are determined to be ty/2 and t,/6, respectively. This
ensures that range [4 — 3 0, 4 + 3 o] corresponds to [0, ty], accounting
for all emitted ions within period ty.

For fitting to each experimentally obtained TOF spectrum, we
conduct ion trajectory simulations by changing Vgpfeq, Ti, and to. These
parameters are varied such that the full width at half maximum (FWHM)
and peak positions of the calculated TOF spectra are equal to the
experimental results. The explored parameter space is T; =
1000-100,000 K (increment of 1000 K), Vgifea = 500-20,000 m/s
(increment of 100 m/s), and to = 0-100 ns (increment of 1 ns). These
parameter ranges are chosen from previous experimental and theoret-
ical studies [26,31]. For each parameter set (T, Vnifeed, to), we simulate N
= 40,000 ions. The emission rate of ions is assigned according to the
temporal profile in Eq. (3) characterized by ty, while initial velocities are
sampled from Egs. (1) and (2) determined by T; and Vgfeq. The resulting
TOF spectra are statistically analyzed and normalized. A successful fit is
defined by two criteria. 1) The FWHM of the simulated TOF spectrum
matches the experimental FWHM within a tolerance of < 1 ns. 2) The
peak position of the simulated TOF spectrum aligns with the experi-
mental peak within < 1 ns. The 1 ns tolerance is selected based on the
temporal resolution of the oscilloscope. To estimate the uncertainty
associated with each fitting parameter, T, Vinfed, and to are indepen-
dently varied to determine the minimum change that produces a devi-
ation of 1 ns in either the FWHM or peak position of the simulated TOF
spectrum. The resulting uncertainties are Vypeq = + 100 m/s andty = +
1 ns, while the uncertainty in T; is + 500 K for t, = 0 and + 5000 K for t,
> 0.

Experimental results and discussion

We introduced 400 shots of fs/ns laser pulses to deposited CsI and
accumulated the ion signals to obtain the TOF spectrum of Cs'. To
investigate the laser intensity dependence on the emitted ion parame-
ters, the measurements were conducted with pulse energies of 400, 500,
800, and 1000 nJ, corresponding to a laser intensity range of 7.1 X
10'1-1.8 x 10'2 W/cm? for fs lasers and 1.3-3.2 x 108 W/cm? for ns
lasers. After obtaining the TOF spectrum of Cs ions with different laser
intensities, we fitted them to the corresponding SMBD with continuous
ion emission using the abovementioned procedure and determined ion
temperature T;, shifted center-of-mass velocity Vgheq, and ion emission
duration t;. Without considering continuous ion emission, the SMBD
alone could not reproduce the experimental results for the ns laser. In
fact, initial velocity vy was less than 0 m/s as calculated from the TOF

using the following equation based on a one-dimensional
approximation:
Mesh  Detector
Drift region

N, to =0,
n|t| = N (t—p)? 3
\/Wexp{— 202 }7 0<t<tyandt, > 0,
Sample First Second
plate aperture  aperture
- -
laser
11.0 mm .5 mm /
T =
3.0kV 0.0 kV GND

Fig. 2. Schematic of ion source and acceleration region in TOF mass spectrometer. The sample is mounted on a 2.0 mm-thick 34.0 mm-diameter aluminum plate (3.0
kV). Ions are extracted through two coaxially aligned aperture plates (0.0 kV and grounded) and accelerated into the drift region.
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—vo +/V3 + 2Uq/m L,
TOF = + 8 ()]
Uq/mlL, V3 +2Uq/m

where the ion with initial velocity vo and mass-to-charge ratio (m/q)
traverses through an acceleration region L; with acceleration voltage U
and field-free region Ly. This suggests the validity of our model in which
ions are sequentially emitted from the sample surface over a finite
period following the laser pulse.

The number of Cs ions emitted by each laser pulse was estimated
based on the detected Cs* signal intensity. The signal peak area due to
the detection of a single Cs" ion is 3.4 mV-ns on average. By dividing the
peak area of the TOF spectrum of Cst by 3.4 mV.ns, the number of
detected Cs™ ions per laser pulse was calculated.

The obtained TOF profiles for fs and ns laser irradiation are shown in
Fig. 3. The experimental results are represented by solid lines, and the
results of the fitted ion trajectory simulations are shown as bar graphs.
The obtained parameters, Ti, Vshged, to, and ion count per laser pulse
(average over 400 pulses) are summarized in Table 1. The error ranges
of the parameters are described above.

The obtained vgseq for the fs laser irradiation was always higher than
that for ns laser irradiation. Similar ion kinetic energies (Vifea =
4300-5200 m/s corresponding to 12.7-18.6 eV) have been reported in
other fs laser ablation studies performed under comparable or even
higher intensity conditions. For instance, Mannion et al. [32] observed
ion kinetic energy distributions of 0-20 eV for Ag, Ni, and Al using 200 fs
laser pulses at an intensity of 3.3 x 10'2 W/cm?, and Kelly et al. [19]
reported 20 eV carbon ion emission under 70 fs laser pulses at 5.6 x
102 W/cm?. These findings support the plausibility of our observed
kinetic energy.

We estimated the kinetic energy of Cs™ generated using fs laser.
When fs laser penetrates a solid surface, the laser electric field penetrates
a characteristic depth of skin layer [; due to the skin effect [33]. Within

1.0 —— ns experiment
(a) —— fs experiment
ns simulation
0.8 fs simulation
>
2 FWHM=5 ns
£0.6
= FWHM, =13 ns
204 400 nJ
]
0.2
0.0
3620 3640 3660 3680 3700 3720 3740 3760
Time of flight [ns]
1.0 —— ns experiment
(C) —— fs experiment
ns simulation
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I
£06 FWHM, =31 ns
©
[
Loe 800 nJ
2
0.2
0.0

3620 3640 3660 3680 3700 3720 3740 3760
Time of flight [ns]
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L, laser electric field intensity E(z) decays exponentially as it propagates
deeper into the solid as E(z) = E(0)exp[—z/L]. Electrons absorb the laser
energy through inverse bremsstrahlung and resonance absorption [15],
thereby increasing the electron temperature. Through the energy con-
servation law, electron temperature T.(z,t) in the skin layer can be
expressed as [15]

2.
xp{—l—j ©)

T.(z,t) = 1;”’2%
where n, is the electron density, 4 is the laser wavelength, and Iy is the
laser intensity. Once the energy of the electrons reaches the sum of
binding energy ¢, and ionization potential J;, they escape the solid
surface. This process generates a charge separation between the escaped
electrons and remaining ions, leading to the formation of a strong
electric field. The ions are ejected from the target and accelerated in the
electric field. The maximum energy of ions, ¢;, extracted from the surface
reaches [15]

Ei%Te—Ji—Eb. (6)

Assuming that each ionized CsI molecule in the crystal releases one free
electron upon laser irradiation, we estimated n, = 1 x 10?2 em 3. This
assumption was based on the complete ionization of CsI under the given
laser conditions, where Cs* and I" were fully dissociated, and the
valence electrons were released into the vacuum. By incorporating
known parameters J; = 7.1 eV [34], & = 3.3 eV [35], single pulse
duration t = 180 fs, and intensity I = 7.1 x 10! W/cm? (400 nJ) into
Egs. (5) and (6) and considering depth z to approach 0, the Cs™ ion
emission kinetic energy from the target surface layer was determined to
be ¢; = 4.7 eV. This value was approximately one-quarter of the exper-
imentally measured kinetic energy of 18.6 eV. This discrepancy suggests
the contribution of additional energy from other nonthermal processes,

1.0 ~
b —— ns experiment
( ) —— fs experiment
ns simulation
0.8 fs simulation
>
2 FWHM=6 ns
£0.6
< FWHM, =16 ns
[
S04 500 nJ
g
0.2
0

0
3620 3640 3660 3680 3700 3720 3740 3760
Time of flight [ns]

1.0 .
—— ns experiment
(d) —— fs experiment
ns simulation
0.8 fs simulation
>
@ FWHM=10 ns
20.6
£ FWHM, =35 ns
Q
~oa 1000 nJ
2
0.2
0

0
3620 3640 3660 3680 3700 3720 3740 3760
Time of flight [ns]

Fig. 3. TOF spectra of Cs* ions under different laser pulse energies. Panels (a)-(d) correspond to laser pulse energies of 400, 500, 800, and 1000 nJ, respectively. In
each panel, the solid lines represent the experimental results and the bars represent the simulation results. Red and blue indicate the results under ns and fs laser
irradiation, respectively. The FWHM values of the TOF spectra (FWHM,,; and FWHM() and corresponding laser pulse energy are indicated in each panel.
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Table 1
Fitting parameters obtained from fitting SMBD of velocity and Gaussian temporary ion emission distribution to Cs* TOF profiles and ion count per laser pulse (average
over 400 pulses).
Laser fs laser ns laser
Energy T;(x 10°K) Vshiftea(M/S) to(ns) Ion count/pulse Ti(x 10°K) Vshiftea (M/S) to(ns) Ton count/pulse
nJ)
400 1.0 5200 0 15 14 2200 0 172
500 2.5 4800 0 13 18 2800 11 500
800 4.5 4300 0 66 38 4300 51 9583
1000 6.0 4300 0 161 60 2600 57 7753

such as Coulomb explosion [36].

In the laser fluence range in this experiment, fs pulse ablation is
typically governed by “cold ablation” mechanisms, such as desorption
and photomechanical spallation [37,38]. The laser fluence range of
128-160 mJ/cm? (corresponding to laser pulse energies of 400-500 nJ)
is below the ablation threshold of ~ 250 mJ/cm? for GsI [39], suggesting
that desorption is the main ion emission mechanism. The fluence range
of 256-320 mJ/cm? (corresponding to 800-1000 nJ) slightly exceeds
the ablation threshold, and a pulse duration of 180 fs satisfies the stress
confinement condition (7, < 7, ~ I;/C,), where 7, is the pulse duration,
Cs is the speed of sound in the irradiated material, and z; is the char-
acteristic time for mechanical equilibration of the absorbing volume.
Thus, photomechanical spallation is a plausible ablation mechanism. A
phase explosion occurs when the fluences are significantly higher than 1
J/em? [40], but such a high fluence was not reached in this experiment.

In contrast to fs laser, the ns laser results exhibited drastically
different trends. As listed in Table 1, for a laser energy of 400 nJ, ion
temperature T; for ns laser (1.4 x 10* K) was an order of magnitude
higher than that for fs laser (1.0 x 10°K). In addition, the ns laser
produced higher ion counts per laser pulse irradiation than the fs laser
under the same pulse energy. This difference highlights the much
greater efficiency of the ns laser in producing ions under thermal abla-
tion conditions. This difference arises from the distinct energy transfer
mechanisms governing the two ablation regimes. The long pulse dura-
tion in the order of nanoseconds allows sufficient time for energy
transfer from the electrons to the lattice via electron—phonon coupling in
the order of picoseconds. This enables uniform heating and phase
transitions (melting and vaporization) of the target material, resulting in
higher ion temperatures and enhanced ion emissions. However, the ul-
trashort pulse in the order of femtoseconds deposits energy into elec-
trons faster than the electron—phonon relaxation time, thus preventing
energy transfer to the lattice. Instead, material removal is dominated by
nonthermal mechanisms of electrostatic ablation, where ions are
accelerated in the electric field caused by charge separation created by
energetic electrons escaping from the target without large lattice heat-
ing, as described above. This nonthermal process results in a lower ion
temperature and fewer ion counts per laser pulse under the same pulse
energy conditions compared to ns lasers.

Furthermore, the FWHM of the TOF profiles behaves differently for
ns and fs lasers. For fs laser, the FWHM broadens slightly from 5 to 10 ns
as the pulse energy increases. Hence, the initial ion velocity distribution
remains almost unchanged. Moreover, in the nonthermal regime due to
fs laser irradiation, ions are ejected almost instantaneously (i.e., tp ~ 0
ns). This rapid and spatially limited energy deposition results in a nar-
row TOF profile. In contrast, for ns laser, the FWHM of the TOF profiles
broadens substantially from 13 to 35 ns with increasing pulse energy.
This large broadening can be attributed to two interrelated factors. First,
the prolonged laser-matter interaction facilitates thermal processes via
electron—-phonon coupling, which increases T; and broadens the velocity
distribution according to Eq. (1). This thermal velocity spread directly
contributes to the broadening of the TOF profile. Second, ion emission
duration t, increases up to 57 ns at 1000 nJ, which leads to a larger
dispersion of the ion arrival times. The increase in t, is characteristic of
thermally driven ablation, where material removal occurs over a finite
period as the target undergoes melting, vaporization, and subsequent

hydrodynamic expansion. The combination of these two factors leads to
the observed FWHM broadening for ns laser. The increase in t, means
that ions are continuously emitted from the sample surface even after
laser irradiation stops, which is consistent with the results from inten-
sified charge-coupled device observations [11,16].

Both fs and ns lasers exhibit a peak shift corresponding to slower
initial ion velocities. However, from Egs. (5) and (6), both electron en-
ergy and ion velocity should increase with increasing laser intensity.
This discrepancy suggests that, while Egs. (5) and (6) provide a
reasonable estimate of the energy levels, there are factors not considered
in our simulation model regarding the change in the initial ion velocity
distribution with laser intensity, such as plasma shielding and spatial
inhomogeneity of the laser intensity profile.

Conclusion

We conducted comparative experiments on ion emission for fs and ns
laser irradiation using a developed laser ablation TOF mass spectrom-
eter. Combined with ion trajectory simulations, the results demonstrate
that fs laser ablation produces ions with higher kinetic energy than ns
laser ablation under similar laser pulse energy conditions, whereas ions
produced by ns laser irradiation exhibit higher temperatures. For fs
laser, the initial energy of the ions calculated from electrostatic ablation
is about one-quarter of the value obtained experimentally, suggesting
that the ion acceleration mechanism by fs laser irradiation involves
another nonthermal process in addition to electrostatic ablation. In
addition to the SMBD used to describe the ion initial velocity distribu-
tion, we introduce a temporal ion emission process characterized by a
Gaussian distribution. Consequently, the TOF profiles of the ions are
suitably explained. As the pulse energy increases, ions under ns laser are
continuously emitted from the sample surface even after the laser pulse
ends. This phenomenon is not observed under fs laser.
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