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Laser-induced breakdown spectroscopy is performed through the collection of spectra by spectral

detection equipment at different delay times and distances from targets composed of Cu and

nano-Cu, which are ablated using a Nd:YAG laser (532 nm, 10 ns, 10 Hz) in our experiments. The

measured wavelength range is from 475 nm to 525 nm. Using the local thermodynamic equilibrium

model, we analyze the characteristics of the plasma temperature and the electron number density

for different distances between the target surface and the lens. The results show that when

compared with the nano-Cu plasma case, the temperature of the Cu plasma is higher, while its

electron number density is lower. VC 2015 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4913987]

I. INTRODUCTION

Since the invention of the laser in 1960, laser-induced

breakdown spectroscopy (LIBS) has attracted increasing

research attention.1 LIBS is performed by focusing the laser

on a small area at the surface of the specimen of interest,

which is then ablated on a scale ranging from nanograms to

picograms, and a plasma plume can be generated. In princi-

ple, LIBS can be used to analyze any matter, regardless of its

physical state, whether it is solid, liquid, or gaseous.2,3

Because all elements emit light with characteristic frequen-

cies when excited to high temperatures, all of them can be

detected by LIBS, which is only limited by the power of the

laser, and the sensitivity and wavelength range of the spec-

trograph and the detector.

Many reports have indicated that LIBS may be varied

by adjustment of the laser parameters, including the laser

wavelength, pulse width, and intensity.4–7 The properties of

LIBS also depend on the laser spot size, and on the distance

between the target and the lens. The sample position has an

important influence on the plasma plume expansion process

because of the interaction between the plasma plume and the

laser spatial energy distribution.4,8,9 In recent years, several

new experimental methods have been used to improve the

sensitivity of LIBS, including plasma confinement,10,11 fast

spark discharge,12 magnetic fields,13 and double pulse meth-

ods.14,15 In particular, Giacomo et al.16 studied nanoparticle-

enhanced LIBS of metallic samples in 2014. In this work,

LIBS was found to be strongly enhanced if the nanoparticles

that were deposited on the metal surface were used to lower

the breakdown threshold. This is because the nanoparticles

can significantly increase the laser-matter interaction.

Therefore, research into laser ablation using metal

nanoparticles is of considerable importance to the under-

standing of nanoparticle-enhanced LIBS.

The motivation of this work is to enhance our under-

standing of the mechanism of laser–matter interaction. In

this paper, targets composed of Cu and nano-Cu are ablated

by nanosecond laser pulses. The differences between the

plasma spectroscopy characteristics of Cu and nano-Cu are

then investigated using optical emission spectroscopy. The

plasma parameters studied by this paper (e.g., plasma tem-

perature and electron density) could provide enhanced

understanding of many plasma processes. We investigate the

plasma temperature and the electron number density on

nanosecond laser ablation of the Cu and nano-Cu targets,

and compare the results.

II. EXPERIMENTAL SETUP

The apparatus used is shown schematically in Fig. 1.

The laser system is a Q-switched Nd:YAG laser (Spectra

Physics, Quanta-Ray DCR-2A). The full-width at half maxi-

mum (FWHM) of the pulse is 10 ns, the maximum output

energy is approximately 80 mJ, the wavelength is 532 nm,

which is generated using the second harmonic wavelength

from the fundamental wavelength of 1064 nm, and the repeti-

tion rate is 10 Hz. Plasma spectroscopy is performed by

focusing the laser pulses on the targets in a vacuum. The

pressure of the vacuum chamber is 4� 10�2 Torr. The target

is mounted on a rotating stepper stage, which guarantees that

the sample location used is renewed before each laser shot.

The sample is located at an angle of 45� with respect to the

direction of the laser beam. The emission spectra are focused

on a fiber using two lenses, which are orientated parallel to

the target surface. The imaging ratio is 1.26:1. The fiber tip

is positioned using another stepper stage. This stage is ori-

ented perpendicular to the target surface. The spatial spectra

can then be detected, and the spectra are guided to a
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monochromator (WDG500–1A) through the fiber. The slit

size is 0.5 lm. The grating used in the experiments has 1200

grooves/mm. The spectral intensity is detected using a photo-

multiplier tube (PMT, CR114) with a voltage range of

900 V–1200 V. The electrical signal generated by the light

intensity signal is sent to Boxcar SR250. The signal is then

converted into a digital signal by Boxcar SR245. The final

measured data are recorded by a computer. A photodiode

receives an optical signal to trigger the Boxcar, which guar-

antees time synchronization of the laser signal and the spec-

tral signal. An oscilloscope (Lecroy9361) displays the delay

times of the two signals. A low-pressure Hg lamp is used for

wavelength calibration.

One of the samples is bulk Cu with the purity of 99.9%.

Another sample is nano-Cu block. In this nano-Cu block, the

copper nanoparticles are prepared by flow-levitation

method.18 The produced copper nanoparticles are mechani-

cally compacted for 40 min under pressure of 1.5 GPa by

cold pressing method. The pressing process is carried out

well under 25 �C and inert gas protection. The surface of

nano-Cu block is smooth with the purple. From the XRD

spectrum, the nano-Cu is the face-centered cubic structure.

By the warren Averbach method of peak shape analysis, the

average grain size of nanoparticles in nano-Cu is 22.8 nm,

micro strain is 0.073%. However, for nano-Cu powder, the

average grain size of nanoparticles is 22.6 nm, micro strain is

0.039%. This shows that the effect of pressure on the nano-

Cu grain size is small, the micro strain increases from

0.039% to 0.073%. The relative density of nano-Cu block is

about 94%, micro hardness is about 2.0 GPa.

III. RESULTS AND DISCUSSION

In laser ablation, the absorption mechanism for metals is

the inverse bremsstrahlung (IB) absorption process. For

nanosecond laser ablation of metals, the principal mecha-

nisms of material removal are vaporization and phase explo-

sion.19 These phenomena are thermal, because the duration

of the nanosecond laser pulse is greater than the electro-

n–phonon relaxation time of the metal.20 Figure 2 compares

the spectral intensity of laser ablation of (a) Cu and (b)

nano-Cu over the range from 475 nm to 525 nm. The pulse

energy is 40 mJ, the delay time is 1000 ns, the integral time

is 30 ns, the operating pressure is 0.04 Torr, and the distance

to the target surface is 5.04 mm. The Cu plasma emission

spectrum mainly consists of Cu (I) and Cu (II) lines. For

laser ablation of nano-Cu, the emission lines are composed

of Cu (I) lines only; almost no Cu (II) spectral lines were

observed. The plasma spectra results reported by Kumar

and Thareja21 in different environments are similar to the

experimental results reported here for the spectra of Cu

and nano-Cu. The Cu transitions that were observed for

Cu and nano-Cu are Cu (I) (3d104p1ð2P3=2Þ � 3d94s2ð2D5=2Þ
at 510.5 nm), Cu (I) (3d104d1ð2D3=2Þ � 3d104p1ð2P1=2Þ at

515.3 nm), and Cu (I) (3d104d1ð2D3=2Þ � 3d104p1ð2P3=2Þ at

521.8 nm).

The nano-Cu target consists of nanoparticles and the

resulting plasma will include many more nanoparticles than

the Cu case. During nanosecond laser irradiation, based on

thermionic emission, the nanoparticle surface will absorb the

laser energy to generate electron emission, and collisions

among the particles also can produce more electrons. These

two processes will consume a great deal of energy. When

compared with the bulk Cu, the electron density is high and

the temperature is low for nano-Cu. For bulk Cu, in the

plasma produced by ns laser irradiation of the Cu target, the

number of atoms is larger than that of the nano-Cu plasma,

and the energy consumption by the thermionic emission or

collision processes is less than in the nano-Cu case. The

plasma temperature can be increased to a high temperature

regime, and then the atoms will be ionized. This enables the

Cu (II) lines to be observed. The plasma is not heated to a

FIG. 2. Spectral intensity at the range from 475 nm to 525 nm for laser abla-

tion (a) Cu and (b) NanoCu. The energy is 40 mJ, the delay time is 1000 ns,

the integral time is 30 ns, the pressure is 0.04 Torr, and the distance of target

surface is 5.04 mm, respectively.

FIG. 1. Experimental setup for spectroscopy measurement of nanosecond

laser ablation Cu and NanoCu.

033301-2 Chen et al. Phys. Plasmas 22, 033301 (2015)

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Downloaded to  IP:  119.51.181.114 On: Mon, 18 Apr

2016 04:14:24



sufficiently high temperature for Cu (III) lines to be

observed.

The plasma spectra are analyzed using LS coupling rules

and the NIST atomic spectra database.22 The plasma excita-

tion temperature is determined using the Boltzmann plot

method by assuming that the plasma is in local thermody-

namic equilibrium (LTE) and is optically thin.17 The excita-

tion temperature is determined using the following

equation:23–25

ln
kijIij

giAij

� �
¼ � Ei

kBTe
þ C; (1)

where Iij, kij, and Aij are the intensity, the wavelength, and

the transition probability, respectively. gi is the statistical

weight of the upper level. Ei is the energy of the upper state.

kB and Te are the Boltzmann constant and the excitation

temperature, respectively. By plotting the left-hand side

(lnðIk=gAÞ) of (1) versus the excited-level energy term Ei,

the excitation temperature is calculated from the slope of the

straight line obtained (�1=kBT).The plasma temperature can

be determined without knowledge of the total number den-

sity or the partition function.26

The lines of Cu (I) ð3d104p1ð2P3=2Þ � 3d94s2ð2D5=2Þ at

510.5 nm), Cu (I) ð3d104d1ð2D3=2Þ � 3d104p1ð2P1=2Þ at

515.3 nm), and Cu (I) ð3d104d1ð2D3=2Þ � 3d104p1ð2P3=2Þ at

521.8 nm) are used to calculate the plasma excitation temper-

ature (Te). The spectroscopic details of the transition lines

are listed in Table I. An example of the Boltzmann plots is

shown in Fig. 3 using the selected lines. In fact, to reduce the

data errors, more data points from the upper energy levels

should be used to fit a straight line. Fewer data points lead to

larger errors.

The spatial variation of the plasma temperature at differ-

ent delay times is presented in Fig. 4. The laser pulse energy

is 40 mJ. The process pressure is 4� 10�2 Torr. The solid

lines are intended as a guide to the eye only. When the target

distance is greater than 5 mm for the Cu plasma, it is difficult

to estimate the plasma temperature based on the plasma

spectrum produced because the emission intensity is very

weak. For Cu and nano-Cu, the plasma excitation tempera-

ture close to the surface of the target is low, and the tempera-

ture increases with increasing distance up to 5.0 mm from

the target surface, which is caused by rapid plasma expan-

sion and a high strong collision frequency;27–29 at a distance

of 5.0 mm from the target surface, the rate of plasma cooling

is low due to strong collisions caused by the shockwave

effect.30,31 Figure 5 shows the evolution of the plasma tem-

perature as produced by laser ablation of Cu and nano-Cu as

a function of the delay time. The distance to the target

surface is 1.26 mm. As the delay time increases, the corre-

sponding excitation temperature decreases because the ther-

mal energy is rapidly converted into kinetic energy when the

plasma attains a high expansion velocity, leading to a decline

in the temperature of the expanding plasma.25 As shown in

Figs. 4 and 5, the plasma temperature for nano-Cu is lower

than that of laser-ablated Cu, although the total energy of the

laser pulses is the same, because the breakdown threshold of

the metallic nanoparticles is much lower than that of the

bulk metal.16 When compared with the plasma of the bulk

Cu, the nano-Cu plasma produced by the laser pulses can

obtain a higher expansion velocity. Therefore, in the nano-

Cu case, the plasma temperature is low and the expansion

distance is long.

The FWHM of each line can be used to determine the

electron number density.26,32,33 In the experiments, the elec-

tron number density is determined from the line profile of an

isolated Cu neutral line at 521.83 nm by neglecting the con-

tributions of ion impact broadening and Doppler broadening

as follows:34–36

Dk1=2 ¼ 2x
Ne

1016

� �
; (2)

where Ne is the electron number density. The value of x that

corresponds to the Cu-neutral line at 521.83 nm was obtained

from published data.37

Figure 6 shows the electron number density distribution

with axial distance from the target surface. The spectral line

is fitted using a Voigt profile. The delay times used are

300 ns and 500 ns. Because of an increase in the recombina-

tion rates for the ionic species in the 0 mm–2.5 mm range

from the target surface, the electron number density

decreases rapidly within this region for 300 ns (Fig. 6(a)).

For the delay time of 500 ns (Fig. 6(b)), the electron number

density variation with axial distance is slow, in the range

from 0 mm to 4 mm, because the plasma undergoes expan-

sion into a large-volume plume. The electron number density

is plotted as a function of the delay time in Fig. 7. The dis-

tance to the target surface is 1.26 mm. The evolution of the

function indicates that the electron number density is highest

at the initial stage of the plasma and then decreases with

increasing delay time. In the range from 800 ns to 1200 ns,

TABLE I. Spectroscopic parameters of Cu (I) transition lines used to calcu-

late excitation temperature.22

Wavelength (nm) Eiðcm�1Þ Ejðcm�1Þ gi gj Aijð�108s�1Þ

510.55 30783.69 11202.56 4 6 0.020(5)

515.32 49935.2 30535.3 4 2 0.60(15)

521.82 49942.06 30783.69 6 4 0.75(9)

FIG. 3. Examples of Boltzmann plots of Cu plasma spectroscopy from Fig. 2.

The calculated excitation temperature is 0:9� 104 K.
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the electron number density decay rate of the nano-Cu

plasma is lower than that of the Cu plasma. The interaction

between the laser and the nano-Cu target leads to stronger

collisions between the particles (electrons, ions, atoms, and

nanoparticles) in the plume of the plasma, which results in

the electron number density decay time being significantly

prolonged.

In the target laser irradiation process, according to clas-

sical electromagnetic theory,38 when the laser energy is

absorbed at the light penetration depth of the target, the

plasma will be produced and the plasma excitation tempera-

ture will increase.39 However, during the interaction of the

laser beam with the nanoparticles, more laser energy can be

transmitted through the interior of the target. This is equiva-

lent to an increase in the light penetration depth of the target.

The laser energy can then be deposited in the interior of the

target, and we deduce that more of the target material can be

removed for laser ablation of nano-Cu, which causes the

plasma plume created by the laser pulse to expand and

become much larger. Also, the collisions among the elec-

trons, atoms, ions, and the increased number of nanoparticles

(where the target consists of these nanoparticles) in the

plasma generate more electrons, and this is the direct cause

of the relatively high electron number density when

FIG. 4. Variation of excitation temper-

ature produced by laser ablation Cu

and NanoCu along the distance from

target surface. The delay time is 300 ns

(a), 500 ns (b), 800 ns (c), and 1200 ns

(d), respectively. The laser energy is

40 mJ. The pressure is 4� 10�2 Torr.

FIG. 5. Variation of excitation temperature produced by laser ablation Cu

and NanoCu with the delay time. The distance from target surface is

1.26 mm. The laser energy is 40 mJ. The pressure is 4� 10�2 Torr.

FIG. 6. Variation of electron density produced by laser ablation Cu and

NanoCu along the distance from target surface. The delay time is 300 ns (a),

and 500 ns (b). The laser energy is 40 mJ. The pressure is 4� 10�2 Torr.
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compared with that of bulk Cu. These extra electrons need

more energy, which causes the excitation temperature to be

lower than that of bulk Cu plasma.

Unlike the nano-Cu case, the light cannot penetrate any

deeper into the target during laser ablation of bulk Cu and

concentrates at the target surface, which means that the

plasma temperature is higher. However, while the tempera-

ture of the plasma produced by the laser pulse has become

relatively high, the electron number density of the Cu plasma

is lower than that of the nano-Cu plasma. It is obvious that

there are fewer nanoparticles in the Cu plasma than in the

nano-Cu plasma, and the collisions in the Cu plasma are

weaker than those in the nano-Cu plasma. Accordingly, the

number of electrons generated by the collision is also lower.

We can therefore understand the mechanism of laser ablation

of nanoparticles from the differences in plasma temperature

and electron density between the Cu and nano-Cu plasmas.

IV. CONCLUSION

This work is focused on investigation of nanosecond

laser ablation of bulk Cu and nano-Cu. The temporally and

spatially resolved plasma spectra are collected by the spec-

tral detection system in a wavelength range from 475 nm to

525 nm. For laser ablation of nano-Cu, only Cu (I) lines and

almost no Cu (II) spectral lines are observed. Using the local

thermodynamic equilibrium model, we analyzed the plasma

temperature and electron density characteristics near the

target. The results show that the plasma temperature of the

Cu plasma is higher than that of the nano-Cu plasma, while

the electron number density of the Cu plasma is lower than

that of the NanoCu plasma. Therefore, we have been able to

understand the mechanism of laser ablation of nanoparticles

from the differences in plasma temperature and electron

number density between the Cu and nano-Cu plasmas.
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