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Laser plasma generated by ablation of an Al target in vacuum is characterized by ion time-of-flight

combined with optical emission spectroscopy. A Q-switched Nd:YAG laser (wavelength

k¼ 1064 nm, pulse width s � 7 ns, and fluence F� 38 J/cm2) is used to ablate the Al target. Ion

yield and energy distribution of each charge state are measured. Ions are accelerated according to

their charge state by the double-layer potential developed at the plasma-vacuum interface. The ion

energy distribution follows a shifted Coulomb-Boltzmann distribution. Optical emission spectros-

copy of the Al plasma gives significantly lower plasma temperature than the ion temperature

obtained from the ion time-of-flight, due to the difference in the temporal and spatial regions of the

plasma plume probed by the two methods. Applying an external electric field in the plasma expan-

sion region in a direction parallel to the plume expansion increases the line emission intensity.

However, the plasma temperature and density, as measured by optical emission spectroscopy,

remain unchanged. Published by AIP Publishing. https://doi.org/10.1063/1.4995477

I. INTRODUCTION

Laser ablation of a solid target results in the formation of

dense plasma that is a source of multicharged ions (MCIs).

The study of MCIs generation from laser plasma is a topic of

interest because these MCIs provide valuable information on

the laser-plasma characteristics in addition to their applica-

tions in ion implantation,1 ion surface cleaning and pattern-

ing,1 secondary ion mass-spectrometry,2 extreme ultraviolet

lithography,3 and for injection in electron cyclotron resonance

ion sources and ion accelerators.4,5 Moreover, the ions gener-

ated by laser ablation impact thin film growth by pulsed laser

deposition as these ions interact with the substrate.6 The char-

acterization of the different laser-generated ions involves mea-

suring their number, charge state, energy distribution, and

angular distribution. These measurements make use of a com-

bination of different techniques such as time-of-flight (TOF)

ion detection,7 electrostatic retarding field analyzers,8 and dif-

ferent configurations of electrostatic,8 and magnetic2 ion spec-

trometers based on ion bending.

Nanosecond (ns) lasers are often used to generate ions by

ablation of a solid target in vacuum. During laser-matter inter-

actions, the electromagnetic energy is converted into elec-

tronic excitation and then into thermal, chemical, and kinetic

energies.9 The process of ns laser ablation consists of three

main stages: evaporation of the target material, interaction

between the evaporated material and the laser pulse resulting

in the formation of partially ionized vapor that absorbs the

incident laser radiation, and plasma plume expansion and

rapid cooling.10 The laser energy is converted into internal

energy of the plasma and emitted or absorbed during the

hydrodynamic motion of the plume. Intense collisional ioniza-

tion takes place in the hot plasma. Near the target surface,

recombination releases energy acting against the adiabatic

cooling, thus slowing down the recombination rate. Due to the

rapid expansion of the plume, the plasma density is reduced

before the recombination eliminates the ionized species,

despite a rapid increase in the three-body recombination rate

due to electron temperature decrease in the adiabatic expan-

sion.9 In the expanding plasma, different charge states become

frozen. Hence, some of the MCIs generated in the hot plasma

core survive and are ejected from the expanding plume.

In laser-plasma, three groups of ions have been reported,

depending on the laser conditions.9 The main group is com-

posed of thermal ions that gain their energy from the ther-

malization processes followed by plasma expansion into the

vacuum.11 The fast ions are attributed to the presence of

super-thermal electrons formed by the electrostatic waves.12

The number of fast electrons is dependent on the laser inten-

sity and wavelength.12 Slow ion groups can be generated by

secondary collisional processes during plume expansion or

due to reabsorption of emitted x-rays outside the laser

focus.9,13,14

Various processes have been proposed to explain the

physical mechanisms of ion acceleration during ns laser abla-

tion. The laser interaction with the plasma heats the plasma

electrons by inverse bremsstrahlung. The energy of the heated

electrons is then transferred to the neutrals and ions through

collisions. The time needed to transfer the energy from the

electrons to the ions, i.e., the electron-ion thermalization time

scale (10�10 to 10�11s),15 is much shorter than the ns laser

pulse duration resulting in the establishment of local thermal

equilibrium (LTE) between the electrons and the ions during

the early portion of the laser pulse.15,16 Due to the mass differ-

ences between the electrons and the ions, fast electrons escape

the plasma plume much earlier than the ions. The space-

charge separation between the fast electrons and the ions that

are lagging behind prevents some electrons from escaping the
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plasma resulting in the establishment of a self-electrostatic

field at the expanding plasma-vacuum interface. This field is

referred to as the ambipolar electric field or the double-layer

potential.17 The ions, which enter in the region of this electric

field, are accelerated according to their charge state.

Generation of a large number high-energy (hot) elec-

trons during interaction of the laser pulse with the solid

target and their subsequent escape from the expanding plume

is the responsible mechanism for the formation of the

double-layer potential. The hot electons are formed in the

plasma by three-body recombination or absorption of

the remaining laser pulse by inverse bremsstrahlung. Some

of these hot electrons escape the target, leaving behind a pos-

itive electric charge region at the boundary of the expanding

plasma-vacuum interface. The lifetime of the laser ablated

plume is determined by the velocity of the plume expansion,

which in turn is related to the hydrodynamic pressure inside

the plume.2

The structure of the double-layer potential depends on

the ratio of the hot electrons to thermal electrons, which is

dependent on the laser fluence. With the increase in the laser

fluence, more hot electrons are generated and the double-

layer structure changes from a layer formed by the escaping

electrons and the excess ions at the front of the expanding

plasma core to a more complex two-peak structure with two

double-layers.17 The developed two-electron-distribution

and the role of prompt electrons in the development of this

complex double-layer structure was studied, both experimen-

tally and by numerical simulations.18 As the initial electron

density at the front of the expanding plasma increases, elec-

tron compression in the plasma occurring by the forces of

the prompt electrons, cannot be compensated for by the ion

oscillation frequency. This results in ion cloud fragmentation

and a complex ion acceleration mechanism.18

Ion emission for ns laser ablation was characterized by

their TOF.3,8,16,19–29 The charge state, kinetic energy, and

angular distribution of the ions ejected from the laser plasma

depend on the laser parameters (e.g., laser pulse energy,

wavelength, and pulse duration), the ablated material, and

the surrounding environment.16 The general trend is that

increasing the laser pulse energy increases ion generation.

For example, laser ablation of carbon and aluminum with an

Nd:YAG laser (k¼ 1.064 lm) showed enhancement of the

ion generation along with the maximum charge observed

with the increase in the laser pulse energy.8,29 The effect of

laser wavelength on the ion energy distribution from laser-

ablated plasma in vacuum was studied. The ablation of a Sn

target by a Nd:YAG laser (k¼ 1.064 lm) and by a CO2 laser

(k¼ 10.6 lm) yielded a maximum charge state of Sn6þ with

an average ion energy of 792 eV for the Nd:YAG laser and

Sn9þ with an average ion energy of 680 eV for the CO2

laser.19 A combined Langmuir probe and an electrostatic ion

energy analyzer study of Al ions generated by a nanosecond

Nd:YAG laser and a femtosecond (fs) Ti:sapphire laser at a

comparable ablation flux yielded maximum charge state by

the ns and fs lasers of Al2þ and Al3þ, respectively.22 For the

ns laser, the ions had a lower kinetic energy than that for the

fs laser.22 For a Pd laser ion source generated by a Q-

switched Nd:YAG laser and its second harmonic, the

ablation threshold was reported to be 1.2 times higher for

k¼ 1064 nm than for k¼ 532 nm due to the longer penetra-

tion depth of the k¼ 1064 nm in the metal.20 For a laser

pulse energy of 100 mJ, Pd5þ ions were detected for

k¼ 1064 nm, while Pd6þ ions were detected for

k¼ 532 nm.20 The role of laser pulse duration on the ion

emission from a Nd:YAG laser-generated Sn plasma was

reported.3 The ion kinetic energy profile shifted to higher

energy with the reduction of the laser pulse width, while nar-

rower energy distributions were obtained for the longest

laser pulses used.3 The average charge state decreased from

Sn13þ to Sn7þ when the laser pulse duration was increased

from 5 to 20 ns.3 For ns laser ablation, Harilal reported that

the plasma plume expands spherically with smaller laser spot

size on target, while for a larger spot size, the plume propa-

gation is more cylindrical due to the smaller lateral expan-

sion.21 Using a Faraday cup (FC) to study ion energy

distribution, they showed narrower and higher energy ion

distribution with the smaller spot size.21 The dependence of

the ion angular distribution on the laser parameters and the

ablated material were reported by several groups.23–28 The fs

laser-ablated plume was more elongated along the direction

normal to the target compared with that for ns laser abla-

tion,23 resulting in significantly narrower ion angular distri-

bution at a similar laser fluence.24 A narrower angular

distribution of the plume occurs with increasing laser flu-

ence.25 Elsied et al. reported differences in the spatial and

temporal distribution of slow and fast ions for various metals

and related that observation to the different mechanisms in

ion generation.26 For Mo, the slow ion flux peaked at a direc-

tion normal to the target, whereas the fast ion flux peaked at

relatively larger angles. For Al, the slow ions also peaked

normal to the target while the fast ions were absent.26 Torrisi

et al., utilizing a Nd:YAG laser, reported that the energy

peaks of the singly-charged ions increases with the melting

point of the ablated material, while the ablation yield showed

the reverse trend.27 Freeman et al. reported that the maxi-

mum kinetic energies of the ions generated by an Nd:YAG

laser using its fundamental, second, and fourth harmonic

with the same laser intensity were similar.28 The kinetic

energy distributions became broader as the laser wavelength

was reduced, while the angular distribution of the ions

showed a similar trend for all laser wavelengths.28

Several groups have studied ion emission from ns laser

plasma using optical emission spectroscopy (OES).7,10,30,31

Caridi et al. reported on ion generation by laser ablation of

Al, Ti, Mo, Au, and polyethylene targets in vacuum using a

Nd:YAG laser. For laser energy of 180 mJ, the electron tem-

perature kTe, obtained using optical emission spectroscopy,

is �1.3 eV, while the equivalent ion plasma temperature kTi,

as evaluated by TOF deconvolution using shifted Coulomb-

Boltzmann (SCB) distribution, varies from 30 to 44 eV. The

difference in plasma temperatures was attributed to the dif-

ference in the plasma region probed.7 Abdellatif et al. stud-

ied Al plasma generated in vacuum by an Nd:YAG laser.

The plasma density Ne was measured to be 1.13� 1018 cm�3

at a distance of 100 lm from the Al target surface

and 0.55� 1018 cm�3 at 1200 lm from the surface. The mea-

sured Te at the target surface was �1.17 eV and increased to
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4.2 eV 500 lm away from the surface, then it decreased

beyond that point. Charge states up to Alþ2 were observed.30

Harilal et al. reported on OES studies of a Sn plasma gener-

ated in vacuum using a Nd:YAG laser. The kTe and Ne mea-

sured 1 mm from the target surface were 3.2 eV and

7.7� 1017 cm�3, respectively.10 The time-integrated

kTe near the target surface remained nearly constant with

distance from the surface but increased significantly for a

distance >7 mm.10 The spatial variation of Ne showed

approximately inverse dependence on distance. Applying a

negative potential to a gold target was shown to increase

ultraviolet line emission from the laser plasma produced by a

KrF excimer laser, which was attributed to electric field

enhanced recombination near the target surface.31

We extend our previous work on Al laser MCI genera-

tion29,32 through a combined ion TOF measurement and

OES of the laser plasma. The double-layer potential gener-

ated at the plasma-vacuum interface is estimated from the

deconvolution of the TOF ion signal into individual ion spe-

cies. From OES, the Ne is calculated by Stark broadening,

while the kTe is calculated using the relative intensity ratio

of two emission lines belonging to the same atomic species.

Although LTE is assumed valid for ablation conditions simi-

lar to ours,33 the kTi obtained from the deconvolution of the

ion TOF signal is significantly higher than the electron tem-

perature obtained from OES. This is attributed to the differ-

ence in time and location at which the plasma is probed.

MCI generation occurs mainly when the plasma is at its

highest temperature and at a high density near the surface

and the core of the plume. Ions escaping from the plasma

and accelerated by the double-layer potential reflect these

conditions and therefore their TOF ion signal corresponds to

the high temperature used to generate the ions, whereas OES

probes time and spatially integrated line emissions, which

becomes prominent after decay of the black-body radiation

from the initial laser plasma. During this time, the plasma is

providing strong line emission, the plume is expanding, and

the plasma is cooling. Therefore, the spatially and temporally

integrated line emission, as detected by the spectrometer,

provides a much cooler electron temperature. The peak

intensity of the spectral lines and the ion energy spread show

dependence on the external electric field in which the plume

expands.

II. EXPERIMENTAL

The laser ion source is composed of a Q-switched Nd:

YAG laser (k¼ 1064 nm, s � 7 ns, and laser fluence

F� 38 J/cm2) with associated laser beam delivery optics, tar-

get ablation chamber, ion drift tube, three-grid retarding field

ion energy analyzer, and Faraday cup (FC). The laser was

p-polarized and incident on the target at an angle h¼ 45�.
The laser was focused on the target using a lens with 80 cm

focal length. The laser pulses pass to the Al target through a

viewport which has �8% loss due to Fresnel reflections. The

laser was focused on the Al target forming an elliptical spot

(semi major axis radius 0.3 mm, and semi minor axis radius

0.25 mm) with an area of �0.0024 cm2. A fast high voltage

probe (Tektronix P6015A) is used to observe the voltage

fluctuations of the biased target during plasma plume expan-

sion. The currents flowing through the Al target and the

externally grounded extraction mesh are measured separately

using two current pickup coils (Pearson current monitor,

model 4118). The pressure in the vacuum chamber was

maintained at low 10�9 Torr.

The ions are accelerated towards the FC through a drift

tube. The diameter of the MCI generation vacuum chamber is

30 cm. A 125-cm long transport tube with inner diameter of

10 cm is connected to the MCI generation chamber making

the distance from the Al target to the FC 140 cm. The FC

biased at �70 V detects the TOF ion signal, which is used to

calculate the total charge delivered to the FC and their kinetic

energy. The TOF signal can be used to identify the charge

state of the ions generated. The ion signal is acquired by a

fast-digital oscilloscope triggered by a photodetector observ-

ing the optical leak in the last mirror before the focusing lens.

An illustration of the experimental setup is shown in Fig. 1.

More details on the experimental setup for ion generation and

detection are given in our previous publications.29,34,35

To further accelerate the extracted ions, the target is

biased positively while a grounded mesh is placed in front of

it. The extraction mesh is placed at 10 cm away from the Al

target towards the FC, where the density of the plasma is

several orders of magnitude lower than at the target surface.

The plasma plume expands in the electric field generated

between the target and the grounded mesh. The adiabatic

expansion, thermal interactions, and the Coulomb accelera-

tion due to the double-layer potential at the plasma-vacuum

interface are mainly responsible for the initial ion accelera-

tion. The external electric field accelerates ions separated

from the plume. The ion acceleration by the external electric

field is reduced due to plasma shielding. The location

between the target and the grounded mesh at which an ion

experiences the electric field also affects the ion acceleration

by the external electric field. The ion flux extracted increases

with the electric field due to the retrograde motion of the

plasma edge exposing more ions to the accelerating field and

repelling the electrons.36 In the drift region, the temporal ion

pulse width is increased.

An optical spectrometer [Princeton Instruments, Acton

SP2300 (grating size 68� 68 mm, 150 grooves/mm, blaze

wavelength 500 nm, and a resolution of 1.27 nm as provided

FIG. 1. Schematic of the experimental setup, EB denotes the electrostatic

barrier of the three-grid retarding field analyzer, and SE the suppressor

electrode to suppress the effect of secondary emission from the Faraday

cup (FC).
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by the manufacturer)] is used to obtain the optical spectra

from the laser plasma. The optical spectra were collected

for 1 ms using a single-shot mode and without any set delay

between capturing the optical spectra and the laser pulse.

The emission from the formed plasma is imaged onto the

open end of an optical fiber bundle using a lens of 5 cm

diameter with a focus length of 5 cm. The optical fiber bun-

dle has 19 optical fibers, each 200 lm in diameter and 1 m

long with a numerical aperture of 0.2. The spectra were

observed in a direction parallel to the target surface (i.e.,

90� with respect to the direction of the plasma expansion)

with its axis centered �1 mm from the surface of the sam-

ple and the fiber is placed �250 mm away from the pro-

duced plasma. The position of the fiber is far enough to

obtain spatially-integrated spectra from the plasma. The

spatially-integrated, time-integrated spectra from each

pulse are detected, and the final spectra used in the analysis

were an average of 10 laser pulses. For a similar experi-

mental condition, the plasma emitting region is >5 mm

above the sample surface.37

III. RESULTS

A. Effect of laser energy for a grounded target

Figure 2 shows the TOF ion signal for laser fluence of

21, 25, 28, and 38 J/cm2. The inset of Fig. 2 shows that the

total number of charge generated increases linearly with the

increase in the laser fluence. The ion pulse that reaches the

FC contains different ionic states. The double-layer poten-

tial, developed at the expanding plasma-vacuum interface,

accelerates the ions. Higher charge state ions reach the FC

earlier than those with a lower charge, since the ions with

higher charge gain more kinetic energy by the double-layer

potential. From analysis of the shape of the ion signal, we

show that, with the increase in the laser fluence, the ion

energy distribution shifts to higher energies along with the

generation of higher charge-state ions. Increasing the laser

fluence from 21 to 38 J/cm2 increases the peak ion drift

velocity from �1.9� 104 to �2.4� 104 ms�1, resulting in a

peak ion energy increase from �50 to �80 eV.

The ion energy distribution can be used to characterize

the plasma temperature and the double-layer potential devel-

oped at the plasma-vacuum interface of the expanding plume.

The ion TOF signal is detected by the FC. The ion TOF signal

and the retarding field energy analyzer are used to obtain the

ion energy distribution. The TOF signal can be deconvoluted

into individual ion charge signals. For a transient laser-plasma

satisfying LTE (Ti � Te � T), the electron-atom and electron-

ion collisions establishes equilibrium with the particle

velocities in the plasma following a Maxwell-Boltzmann distri-

bution.10 The validity of the LTE for ns laser plasma was previ-

ously considered.33 Accordingly, our plasma conditions satisfy

LTE. Away from the target, where recombination and colli-

sional excitation processes are absent, the ion charge-states are

frozen and the ions drift freely in the vacuum with a velocity

distribution for each ion species characterized by a shifted

Coulomb-Boltzmann (SCB) distribution.16 For a laser-plasma

where the TOF of the extracted ions is much longer than the

laser pulse duration, the Kelley and Dreyfus function expressing

the ion current based on the SCB distribution, including the

effect of Coulomb energy (in terms of an equivalent accelerat-

ing voltage) can be applied for the analysis of the ion cur-

rent.38,39 Both thermal and Coulomb interactions are considered

in the SCB model. Therefore, the sum of the individual SCB

distributions for each ion species with their characteristic equiv-

alent accelerating voltage and ion plasma temperature provides

the overall distribution of the ejected ions7

F tð Þ ¼
X

i
Ai

m

2pkTi

� �3
2 L4

t5

� �
exp

� � m

2kTi

L

t
�

ffiffiffiffiffiffiffiffiffi
ckTi

m

r
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2zeV0;i

m

r !2
2
4

3
5
; (1)

where Ai are normalization constants, m is the mass of the

ablated ions, t is the time-of-flight, and L is the total distance

from the target to the Faraday cup. v ¼ L
t is the velocity

along the normal to the target and is equal to the summation

of the velocity components vt, vk, and vc: The component

vt ¼
ffiffiffiffiffiffiffiffiffiffiffiffi

3kTi

m

� �r
is the mean thermal velocity for monoatomic

neutral species, vk ¼
ffiffiffiffiffiffiffi
!kTi

m

q
is the adiabatic expansion veloc-

ity, and vc¼
ffiffiffiffiffiffiffiffi
2zeV0

m

q
is the velocity due to Coulomb accelera-

tion. In the velocity components, ! is the adiabatic

coefficient which for a monoatomic metal, e.g., aluminum,

has the value of 5/3, z is the charge state, kTi is describes the

velocity spread of the probed ions, which has been assumed

equivalent to the ion plasma temperature (in eV) in previous

laser MCI studies,7,16 and V0 is the equivalent accelerating

voltage developed at the plasma-vacuum interface. Equation

(1) applies under the condition of the absence of significant

recombination and collisional excitation processes, i.e., the

ion species are frozen and freely drifting in the vacuum.40

The curve fit of the TOF signal with Eq. (1) mostly depends

on the kTi and V0 developed at the plasma-vacuum interface

due to the double-layer potential. We can estimate kTi and V0

from the curve fit of the measured TOF signal with Eq. (1).

FIG. 2. Ion TOF signal for different laser energies ablating the Al target.

The Al target was at ground potential. The inset shows the dependence of

the number of charge measured by the Faraday cup (FC) on the laser pulse

energy.
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The ion pulse detected by the FC, shown in Fig. 2, con-

sists of ions with different charge states. To determine the

contribution of each ion charge to the TOF signal, deconvo-

lution of the ion pulse signal for each ion charge state is

accomplished. The best fit to the TOF signal is obtained for a

combination of kTi and V0 developed in the double-layer

region of the plume. These two parameters can be used to

estimate the effects of thermal energy, adiabatic expansion,

and Coulomb potential on the energy distribution of the indi-

vidual ion species. The deconvolution of the ion pulse into

individual ion species is conducted as follows: first, we fix

the value of the maximum charge state n (known by separat-

ing the charge states temporally using an externally applied

electric field between the target and the grounded mesh).

Then, we set the V0 and the kTi as free variables to bring the

total energy (sum of thermal, adiabatic, and Coulomb) to

match with the ion pulse suppression potential applied to the

central grid of the three-grid retarding field analyzer. Other

conditions used for the fit are that the sum of the TOF

de-convoluted signals of individual ion species fits with the

measured TOF signal of the detected ion pulse. Also, the

ratio of the ion charges detected for each charge state

matches with that ratio as measured when an external elec-

tric field is used to separate signals from each charge state by

their TOF. The details of the deconvolution procedure were

given previously.29

Previous ion TOF studies from ns laser plasma have

shown that the ion energy distribution, for a certain ion

charge, splits into two SCB distributions peaked at different

energies.13,14 Bimodal energy distributions for metal ions at

different peak energies were reported for ablation with a ns

Nd:YAG laser. The SCB distribution of Al1þ ions with the

higher velocity was correlated with the direct multiphoton

laser ionization, while the slower distribution was associated

with collisional processes. In the expanding plume, neutrals

can be ionized and ions can be converted into another charge

state due to the collisions among ions, electrons, and neutrals

leading to ionization, recombination, and ion charge transfer.

Ions produced due to collisions have velocities that depend

on their formation process and hence are observed as an

independent energy distribution.13,14 The external energy

gain also depends on the location between the target and

grounded mesh, where the ion is generated, and the distance

the ions travelled experiencing the external electric field. Ion

acceleration by the external electric field is reduced due to

plasma shielding. For example, if electron-impact ionization

is the dominant process ðAl0 þ e� ! Alþ þ 2e�Þ; the

kinetic energy of the Al0 involved in this reaction will con-

tribute to the energy distribution of the resulting Al1þ ions.

Recent studies of ns laser ablation observed the presence of

fast and thermal ions following Gaussian and Maxwell-

Boltzmann distributions, respectively.26 The presence of fast

ions depends on the atomic weight of the ablated material.

For heavy metals, e.g., Mo, fast and thermal ions were

observed. While for lighter metals, e.g., Al, only thermal

ions were detected.26 This phenomenon was attributed to the

difference in both spatial and temporal ion distributions

along with the fact that ns laser ablation of heavy metals

emits prompt electrons, and these prompts electrons are

responsible for the emission and acceleration of the fast ions.

Similar results for ns laser ablation were reported by Farid

et al., where higher Z materials (Mo, T, and W) show multi-

ple peaks containing fast and thermal ions, while lower Z

materials (C, Al, Si, and Cu) show only a single peak conta-

ing thermal ions.41 In our present experiment with Al, no

fast ions were detected; only thermal and slows ions are

detected and are fitted with SCB distribution.

The deconvolution of the ion pulse into individual ion

species for laser fluence of 28 and 38 J/cm2 is shown in Figs.

3(a) and 3(b). The higher charge state ions have higher

velocities and, therefore, reach the FC earlier than the lower

charge states. The sum of the signals from different ion

charges gives the total ion signal, which is fitted to the exper-

imental TOF signal. The ions generated with laser at a flu-

ence of 28 and 38 J/cm2 have energies up to �70 and

�80 eV, respectively, as measured by the retarding field ana-

lyzer.29 During retarding field analysis, the barrier voltage,

applied to the central electrode of the three-mesh retarding

field analyzer, was increased from 0 to 80 V. From the

deconvolution, we obtain charge states up to Al3þ and Al4þ

when the laser fluence is 28 and 38 J/cm2, respectively. This

is confirmed by observing the individual ion peaks for each

charge in the TOF signal when voltage is applied to the tar-

get setting an external electric field sufficient to separate the

different charge states.

The curve fit in Fig. 3(a) was done for V0¼ 50 V and

kTi¼ 9 eV and in Fig. 3(b) for V0¼ 55 V and kTi¼ 10 eV.

The slow ions Al1þs are fitted with V0S¼ 20 V with similar

kTi as used to fit the thermal ions. For laser fluences of 21

and 25 J/cm2 (data not shown), the best fit to the TOF signal

gave V0¼ 35 and 43 V and kTi¼ 6 and 8 eV, respectively,

while V0S was 15 V for both laser fluences. Other slow ion

FIG. 3. Deconvolution of the ion time-

of-flight signal. (a) For a laser fluence

of 28 J/cm2 showing charge states up

to Al3þ. (b) For a laser fluence of 38 J/

cm2 showing charge states up to Al4þ.

V0 is the double-layer potential, kTi is

the ion plasma temperature, whereas

V0S is the equivalent accelerating volt-

age for the slow Al1þ ions.
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groups could also affect the ion TOF signal. With the target

grounded, for an ion with charge state z, the total energy

gain of the ion EzT ¼ ðEt þ EkÞ þ zEC, where Et ¼ 3
2

kTi is

the thermal energy, Ek ¼ c
2

kTi is the adiabatic energy, and

Ec ¼ eV0 is the Coulomb energy associated with the equiva-

lent accelerating voltage due to the double-layer potential.

The most probable energy calculated from the TOF signal,

and the adiabatic and thermal energy estimated from the

deconvolution of the TOF signal are in good qualitative

agreement with the results previously reported from ns laser

ablation.42 This fit is best at time scales extending from the

onset of detecting the thermal ions by the FC and extends

past the peak of the TOF signal. The slower ions forming the

tail of the TOF signal are not as well fitted to the SCB distri-

bution, representing the sum of the ion charges. This is

because there are secondary mechanisms forming these

slower ions, as was previously discussed.13,14

B. Effect of laser energy for positively biased target

When the target is positively biased establishing an elec-

tric field between the target and the grounded mesh, the ions

that separate from the plume experience further acceleration.

For sufficient acceleration, the ions detected by the FC

appear as temporally separated peaks for each charge state.

The extent of which the ions experience the external field

depends on the distance away from the target that they are

separated from the shielding plasma. If an ion is generated

with zero energy near the target and is accelerated by the full

potential applied, i.e., in the absence of plasma shielding, the

ions TOF to the FC is TOF¼ ta þ td ¼
ffiffiffiffiffiffi
2m
zeV

q
d þ

ffiffiffiffiffiffiffi
m

2zeV

p
S,

where ta is time to accelerate the ions in the extraction

region, td is the ions drift time from the extraction mesh to

FC, d is the length of the extraction region, S is the length of

the drift region, i.e., from the grounded mesh to FC, m is the

mass of Al atom, e is the electron charge, z is the charge

state, and V is the external potential applied. This TOF equa-

tion does not account for the ion acceleration experienced by

the double-layer potential, and due to the adiabatic and ther-

mal expansion of the plume. The ions travel time in the

extraction region is much smaller than the drift time. The

effective acceleration experienced by the ions depends on

the traveled distance of the plasma before the ions are

extracted. Each ion charge state is accelerated in the double-

layer potential region and by the external field according to

the charge state. Al1þ gains the least energy compared to

higher charge states and, therefore, has the lowest velocity

and its TOF is the longest. By calculating the accelerating

potential required to achieve the TOF of Al1þ, the effective

accelerating potential that the Al1þ experience is obtained.

This potential is then used to determine the TOF of ions with

higher charge states. The estimated TOF for Al ions with dif-

ferent charge states matches the experimental TOF signal

well. By adding the effective external potential Veff with the

double-layer potential V0, we can further extend the SCB

distribution. To do so, we replaced the V0 term in Eq. (1)

with total accelerating voltage VT ¼ ðV0 þ Veff Þ. This results

in ion pulses with peaks that are temporally separated with

each pulse corresponding to a different charge state. The

sum of these separated pulses is the signal observed by the

FC. From the peak of the TOF signal of each charge state,

the most probable energy can be calculated. The total energy

of the ions with charge state z is equal to the sum of the abla-

tion energy (sum of thermal and adiabatic expansion),

Coulomb energy (from double-layer potential), and the

effective accelerating voltage and can be written as

Ez�Total ¼ ET þ EK þ zEc þ zEeff , where Eeff is the effective

acceleration energy experienced by the ion from the external

electric field. The value of Eeff is less than the voltage

applied to the target due to the plasma shielding and second-

ary ion generation mechanism in the target-to-extraction grid

region.

As the ions drift in the external electric field, they expe-

rience different acceleration by the external electric field

depending on their generation location and the dynamics of

plasma shielding in addition to the retrograde motion of the

plan separating the neutral plasma from the non-neutral

region established by the double-layer potential.17,36 The

plasma expansion dynamics in an external electric field is

complex and has been the subject of a few studies.43 When

the plasma expands in a field-free region, kTi can be deduced

from the fit of the ion signal, far away from the ablation

point, as was shown in many publications.7,16,40 However,

when the plasma expands in an external electric field, obtain-

ing kTi from the SCB fit is problematic as the width of the

TOF signal is affected by additional mechanisms occurring

in the region between the target and the grounded grid caus-

ing ions with similar charge to experience slightly different

electric field, thus broadening the ion pulse. In this case, the

TOF fit to the SCB distribution would not give an accurate

kTi of the ablated plume but rather a higher value that repre-

sents the spread in the kinetic energy of the detected ions as

a result of their plasma ion energy and the complex plume

and ion extraction dynamics in the target-grid region for an

external applied field. Therefore, we refer to this parameter

used in the fit as the effective ion energy spread due to the

combined plasma ion temperature and ion energy spread in

the external electric field and refer to this quantity as kTie

which is larger than the kTi used for the SCB fit under plume

expansion without an external field.

Figure 4 shows the deconvolution of the ion signal into

different ion charges for 5 kV applied to the target. When the

laser fluence is 28 J/cm2, the ratio of the ion charges

Al1þ:Al2þ:Al3þ is �6.2:3:1, and for a laser fluence of 38 J/

cm2, this ratio for Al1þ:Al2þ:Al3þ:Al4þ is �6:1.6:1:1. The

deconvolution of the TOF signal for a laser fluence of 28 J/

cm2 yielded total accelerating voltage VT � 1.55 kV and kTie

�26 eV. The increase in kTie with the applied voltage to the

target reflects the spread in the energy of the ions probed by

their TOF due to the dynamic nature of the plasma expansion

in an external electric field. The external electric field is

mostly shielded from the expanding plasma and would not

cause plasma heating. When the laser fluence was 38 J/cm2,

as shown in Fig. 4(b), the deconvolution yielded total accel-

erating voltage VT � 1.6 kV and kTie � 27 eV. The deconvolu-

tion of Figs. 4(a) and 4(b) also shows the presence of slow
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Al1þ. The slow ions were fitted for VTS ¼ V0S þ Veffð Þ
�1.2 kV.

The sensitivity of the deconvolution is checked by vary-

ing the values of z, VT ; and kTie. Figure 5 shows the fit per-

formed for Al4þ using different VT and kTie values. kTie

determines the ion pulse width for each charge state irrespec-

tive of the external electric field. V0 determines the ion pulse

energy shift by the Coulomb energy associated with the

double-layer potential, while VT ¼ ðV0 þ Veff Þ adds the

effect of the external electric field. The effect of VT on the fit

is more dominant than that for kTie and, for higher charge

ions, the sensitivity of the fit to the value of VT is higher. If

kTie is kept constant, the energy shift in the SCB distribution

is determined by VT ; whereas for a fixed VT ; kTie mainly

determines the ion pulse width. As shown in Fig. 5, 300 V

change in VT shifts the Al4þ ion most probable energy by

1200 eV. Changes in kTie by 13 eV mostly affect the ion

pulse width. For higher charge states, the accuracy of the fit-

ting parameter VT increases.

C. Effect of target bias voltage

Figure 6 shows the deconvolution of the ion TOF signal

for 4 and 6 kV applied to the target when a laser fluence of

28 J/cm2 is used to ablate the target. The amplitude of the ion

signal increases with the increase of the electric field

between the Al target and the grounded mesh. For an accel-

eration voltage of 4, 5, and 6 kV, with all other conditions

fixed, the total charge detected was 0.25, 0.5, and 0.65 nC,

respectively. The ratio of the different ion charges detected

remains nearly the same for the different target bias voltages.

This indicates that changes in the external electric field

between the target and mesh for our experimental conditions

have negligible effect on the angular distribution of the

detected ions. The applied electric field introduces retrograde

motion of the expanding plasma edge exposing more ions to

the accelerating field and repelling the electrons.36 This is

thought to be the main reason for the enhancement of the ion

extraction with increasing electric field between the Al target

and the extraction grounded mesh. In Fig. 6(a), when 4 kV is

applied to the target, the ion TOF signal has a best fit for

VT � 1100 V and kTie � 20 eV. When 6 kV is applied to the

target, the best fit to the ion TOF signal is obtained for VT

� 1900 V and kTie � 30 eV, as shown in Fig. 6(b). The

deconvolution in Figs. 6(a) and 6(b) also shows a low energy

tail in the ion TOF signal due to slow Al1þ. For 4 and 6 kV

accelerating voltage, the TOF signal for the slow ions is fit-

ted for VTS of �800 and �1400 V, respectively. The insets of

Figs. 6(a) and 6(b) show the energy distribution of the ions

as obtained from the ion TOF signal. The initial bumps pre-

sent in the energy distribution are due to the slow energetic

ions. The ion energy spread, DE
E , is dependent on the charge

state, and is �42% for Al1þ, �32% for Al2þ, and �25% for

Al3þ. This resolution is not affected by the target biasing

voltage.

D. Retarding field ion energy analysis

To characterize the ions from the laser plasma, the volt-

age applied to the electrostatic barrier (EB) mesh was incre-

mentally increased from 0 V to a voltage that resulted in

complete suppression of the ions detected. The laser fluence

of 28 J/cm2 was used to ablate the Al target, while 5 kV was

applied to the target. Figure 7 shows the TOF signal for 0,

0.6, 1.2, 1.8, 2.0, and 2.4 kV applied to the EB. The inset of

Fig. 7 shows the reduction in the total number of charges

reaching the FC with the increase in the EB voltage. Higher

charge state ions reach the FC earlier than those with a lower

charge since the ions gain kinetic energy from the double-

layer potential and from the external electric field, propor-

tional to their ion charge. The EB potential VEB suppresses

all ions having kinetic energy lower than zeVEB. From Fig. 7,

we observe that the EB bias of 1.8 kV suppresses more than

�80% of the Al ions. The ion energy measured from the EB,

FIG. 4. Deconvolution of the TOF signal

for different ion charge states for 5 kV

applied to target. The laser fluence is (a)

28 J/cm2 and 38 J/cm2 (b). VT is the total

effective voltage accelerating the ions

and kTie represents the spread in ion

energy due to the plasma ion temperature

and ion spread during plume expansion

and ion extraction in the target-grid

region, and VTS is the effective accelerat-

ing voltage for the slow ions.

FIG. 5. The effect of varying the total accelerating voltage VT and kTie on

the deconvolution of the ion pulse when 5 kV accelerating voltage is applied.

The Al4þ ion pulse obtained by deconvolution is shown for (i) VT � 1300 V

and kTie � 27 eV (red dotted line), (ii) 1600 V and 14 eV (blue dotted line),

(iii) 1600 V and 27 eV (black straight line), (iv) 1600 V and 40 eV (blue

dashed line), and (v) 1900 V and 27 eV (red dashed line).
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TOF signal, and the deconvolution of the TOF signal are in

good qualitative agreement.

E. Optical emission spectroscopy

We use the optical spectra of the laser plasma to esti-

mate the kTe and Ne. The emission spectra captured is time-

integrated but limited to the plasma observation location,

which restricts the observation time depending on the plume

expansion velocity. The plasma is moving in a direction per-

pendicular to the target surface. In our experiment, the fiber

used has an acceptance angle of �11�. The lens that image

the plume on the fiber optics bundle input is set to image the

plume at and near the surface of the target. We estimate that

optical emission from a distance up to �3 cm from the target

is captured by the spectrometer. According to Harilal

et al.,44 for Al ablation with nearly the same laser parame-

ters, the plume has an expansion velocity of >107 cm s�1.

With this velocity, the plume takes less than 300 ns to pass

the region imaged on by the fiber bundle connected to the

spectrometer. For a ns laser ablation of Al by Nd:YAG laser

in vacuum, Freeman et al. reported that the electron density

and temperature measurement for time up to �450 ns after

the laser ablation satisfying the LTE condition.33 Figure

8 shows the optical spectra when the Al target is ablated by a

laser fluence of 21 J/cm2 without and with a voltage of 7 kV

applied to the target. The NIST database is used to identify

the atomic and ionic emission lines.45 Line emission due to

neutrals and ions with charge states up to Al2þ are detected.

The external electric field affects both the atomic and ionic

spectral lines. There is a clear enhancement in the intensity

of the spectral lines (both atomic and ionic) in the presence

of an external electric field. The enhancement of the optical

emission line intensities and the background is due to the

shorting of the biased Al target to the grounded mesh, placed

in front of the target, by the expanding plume. This shorting

results in current flow from the power supply through the tar-

get and the plasma to the grounded grid. This current flowing

between the biased Al target and grounded mesh is detected

by a current pick-up coil detecting the current flow out of the

grounded mesh. The current through the grounded mesh

starts flowing at �1 ls after the ablating laser pulse and is

sustain for another �1 ls corresponding to the time this glow

discharge between the target and grid is extinguished as the

plume passes that region. We believe that increased optical

emission and its detection time are responsible for the

increase in the integrated intensity in Fig. 8 when an external

field is applied. In addition to enhancing the Al line emission

intensity, a new emission line corresponding to the Ni I at

FIG. 6. Deconvolution of the ion TOF signal into different charge states for a voltage applied to target of (a) 4 kV and (b) 6 kV. The ablating laser fluence is

28 J/cm2. The TOF signal is plotted in black. The deconvolution fit for Al1þ, Al2þ, Al3þ, and AlS
1þ are plotted in red, green, navy, and blue, respectively. The

sum of the individual de-convoluted ion species is plotted in pink. Inset shows the TOF signal converted into energy distribution of the ions.

FIG. 7. Effect of retarding voltage on the TOF spectrum for a laser fluence

of 28 J/cm2 and 5 kV applied to target.

FIG. 8. Al emission spectra for laser fluence of 21 J/cm2, when no external

electric field (black line) and when 7 kV external field (red line) is applied.
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485.54 is detected when the target is biased at 5 and 7 kV.

This line is probably due to the sputtering of Ni grounded

mesh, placed in front of the target, which acts as the cathode

of the discharge between the target and mesh. While sputter-

ing of the Ni mesh by the laser-generated ions would also

occur without target bias, its rate will be significantly less

due to the lower ion energy. As the optical detection geome-

try detects only a distance up to �3 cm from the target, Ni

lines will only be detected if Ni is present in that region dur-

ing the discharge established between the target and the Ni

grid.

For optically thin plasma, Stark broadening of line emis-

sion from neutrals or singly charged ions is used to estimate

the Ne.
46 Applying the procedure described by Radziemski

et al., for Al II lines at 704.21 and 705.66 nm, the statistical

weight of the upper level of the lines are found proportional

to the intensity ratio of the lines; therefore, the plasma was

optically thin and stark broadening analysis can be applied.47

In the present experiment, the Stark-broadened profile of the

Al II line at 466.30 nm [4p1P0(1)–3p2D(1)] was used after fit-

ting the line-shape to a Lorentzian profile, because of a com-

paratively lower self-absorption coefficient.48 Three main

broadening mechanisms contribute to line broadening,

namely, Doppler broadening, resonance pressure broadening,

and Stark broadening. For laser plasma similar to ours, the

effect of Doppler broadening and resonance broadening is

very small compared to Stark broadening and can be

neglected.49 The mechanism causing Stark broadening of the

Al II transitions is mainly due to perturbation of the energy

levels of the ions by electron collisions leading to broadening

of the emission lines. The instrumental response was

obtained by fitting the line-shape of the 404.65 nm line from

a low-pressure Hg lamp to a Lorentzian profile and was

found to be 0.7 nm. This instrumental response was sub-

tracted from the experimental linewidth of the Al II line at

466.30 nm. Equation (2) can be used to correlate the full-

width at half-maximum (FWHM) of the Stark-broadened

line Dk1/2 with the Ne
50

Dk1=2 ¼ 2x
Ne

1016

� �
þ 3:5A

Ne

1016

� �1
4

� 1� 1:2ND
�1=3

� �
x

Ne

1016

� �
Å; (2)

where x is the stark broadening parameter, and for Al II line

at 466.30 nm, it has a value of 0.0538 nm at a temperature of

15 000 K,50 A is the ion broadening parameter. Both x and A
are weak functions of temperature.46 Ne is the electron den-

sity in cm�3 and ND is the number of particles inside the

Debye sphere. The first term of the Eq. (2) accounts for the

electron broadening, and the second term is the correction

for the quasi-static ion broadening. The quasi-static ion

broadening term is small in plasma, similar to our case as

was estimated from the extrapolation of the estimates of x
and A.46,49 Therefore, Eq. (2) becomes

Dk1=2 ¼ 2x
Ne

1016

� �
Å: (3)

To determine the kTe, we use the line emission intensity

analysis. This method can be applied when the plasma satis-

fies LTE and is applicable to our laser plasma conditions, as

described in previous studies using similar lasers.33 The

excitation temperature can be determined using the follow-

ing equation:46

Te ¼
E2 � E1

k
ln

I1k1g2A2

I2k2g1A1

� �	 
�1

; (4)

where k is the Boltzmann constant, E2 and E1 are the ener-

gies of upper transition levels of two lines utilized for elec-

tron temperature estimation and belong to the same atomic

species. I1, A1, g1, and k1 are total intensity (integrated over

the line profile), transition probability, degeneracy, and

wavelength of the line with upper level E1, respectively. The

subscript 2 refers to the line with upper level E2 for the cor-

responding quantities. Al II lines at 358.66, 466.30, 559.33,

and 624.34 nm are used to calculate the plasma kTe. Figure 9

shows the Ne (a) and kTe (b) with the increase in voltage

applied to the target for laser fluence of 21–38 J/cm2. In Fig.

9(b), the average kTe is plotted with the error bar represent-

ing the maximum and minimum values obtained from the

line emission analysis. We observe that the Ne and kTe

increase significantly with the increase of laser fluence, but

shows no change, within the experimental error, with the

applied external electric field.

Using the value of Ne and kTe in the McWhirter crite-

rion, we can determine whether the generated plasma satisfy

the LTE condition. To satisfy the LTE condition, the lower

limit of the Ne has to fulfill the following condition:30

Ne cm�3ð Þ � 1:6� 1012 Te Kð Þ½ �
1
2½DE eVð Þ�3; (5)

where DE is the largest energy transition from which the

condition holds, and for our case, it is 3.65 eV, and Te is the

plasma temperature.30 The plasma temperature we obtained

for a laser fluence of 21 J/cm2 when no accelerating voltage

is applied is �1.1 eV. Accordingly, the lower limit of Ne for

FIG. 9. Effect of target bias voltage on (a) electron density Ne and (b) elec-

tron temperature kTe as measured by OES. Laser pulse energy of 21, 25, 28,

and 38 J/cm2 is represented by black-square, red-diamond, blue-hexagon,

and green-circle, respectively.
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the LTE condition using Eq. (5) is 8.8� 1015 cm�3. The Ne

value we obtained using OES is greater than the minimum

LTE condition value leading to the conclusion that LTE is

applicable to the studied plasma.

For laser fluence range from 21 to 38 J/cm2, kTi of the

ejected ions evaluated by the TOF deconvolution varied

between �6 to �10 eV when no accelerating voltage is

applied, while when up to 6 kV accelerating voltage is

applied kTie ranges from �20 to �30 eV, whereas the kTe

calculated from the optical spectra varied between �1.1 to

�1.8 eV for the same laser fluences. Without an applied

external field, the difference in the values of kTi measured by

ion TOF and kTe measured by OES is attributed to the differ-

ence in time and location at which the plasma is probed. For

ns laser pulse ablation, plasma reaches its highest tempera-

ture during the laser pulse with its highest density near the

surface forming the core of the plasma, and therefore, the

ions are generated during the laser pulse interaction with the

target and the plume16,51,52 and kTi from the TOF deconvolu-

tion estimates the initial ion temperature. Also, for ns laser

ablation at the earlier stage, before �60 ns, the intense con-

tinuum is dominant masking line emission.10 Since kTe

probed by the OES is time and spatially integrated, it esti-

mates lower temperature than the initial temperature. Thus,

for a laser fluence of 21 J/cm2, the plasma temperature cools

from �6 to below �1.1 eV from initial plasma expansion

until the plasma cools down. With an electric field applied

between the target and the grounded mesh, temporal and spa-

tial variations in ion acceleration by the field due to the

dynamics of the plasma expansion causes a further spread in

the ion velocity not associated with ion plasma temperature.

Hence, kTie represents the combined ion energy spread due

to plasma ion temperature and the ion extraction dynamics

from the laser plume expending in an external electric field.

IV. CONCLUSION

A combined ion TOF and OES study of laser-generated

Al plasma was conducted. The 1064 nm laser ablation source

providing 7 ns pulses was operated at a fluence of 21–38 J/

cm2. Production of ions up to Al4þ was observed. The

energy distributions of the ejected ions were fitted to SCB

distribution. The ions are subjected to a Coulomb accelera-

tion proportional to their charge state by the electric field

generated at the plasma-vacuum interface of the expanding

plume, in addition to the external electric field after their

separation from the plasma. The results show significant

deviation in the plasma temperature measured by ion energy

versus that measured by OES. From the ion TOF measure-

ment, the kTi increases with the laser fluence from about

6–10 eV for the studied laser fluence range. However, apply-

ing the line emission intensity analysis method to OES yields

kTe of about 1.1–1.8 eV. Since the laser plasma is considered

at LTE, the present results show that the measurements of

kTe by OES does not reflect the initial high temperature of

the plasma in which the ions are produced and the condition

of optically thin plasma might not be maintained. Also, the

OES data were obtained under temporal and spatial averag-

ing of plasma emission. This averaging also influences the

measurements and gives a lower plasma temperature than

that achieved in the early part of plume formation, where the

plasma is densest and hottest, which are the conditions at

which the MCIs are generated. When the plume expands in

an applied electric field, ion energy spread, in addition to

that due to the plasma ion temperature, is observed due to

the interaction of the plume with the external field causing

temporal and spatial distortion to the field. Applying voltage

to the target had no effect on kTe as measured by OES.
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