
Front. Phys., 2012, 7(6): 721–727

DOI 10.1007/s11467-012-0254-z

RESEARCH ARTICLE

Temperature and electron density of soil plasma generated by

LA-FPDPS

Xia-Fen Li1, Wei-Dong Zhou1,†, Zhi-Feng Cui2

1The Institute of Information Optics, Zhejiang Normal University, Jinhua 321004, China

2Department of Physics, Anhui Normal University, Wuhu 241000, China

E-mail: †wdzhou@zjnu.cn

Received March 15 2012; accepted May 17, 2012

Electron temperature and electron number density are important parameters in the characterization
of plasma. In this paper the electron temperature and electron number density of soil plasma gen-
erated by laser ablation combined with nanosecond discharge spark at different discharge voltages
have been studied. Saha–Boltzmann plot and Stark broadening are used to determine the temper-
ature and electron number density. It is proved that local thermal equilibrium is fulfilled in the
nanosecond spark enhanced plasma. The enhanced optical emission, signal to noise ratio and the
stability in term of the relative standard deviation of signal intensity at different spark voltages were
investigated in detail. A relative stable discharge process was observed with use of a 10 kV discharge
voltage under the carried experimental configuration.
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1 Introduction

Laser-induced breakdown spectroscopy (LIBS) technique
is a fast developing analytical technique, which has ac-
quired great interest in recent years and is becoming a
well known real time analytical tool for rapid quantita-
tive analysis of almost any type of material (solids, gases
and liquids) [1–5]. In LIBS technique, the intensities of
spectral lines are used to determine the concentrations
of elements in an analyte. As the intensities of spectral
line and continuum emission of the laser induced plas-
mas depends on the laser material interaction process
and the physical characters of plasma, to investigate the
characteristic physical parameters and understand the
dynamics of plasma plume in order to achieve improve-
ments in the applications of LIBS is therefore essential.
The plasma temperature and the electron density are
the two main parameters for plasma characterization.
Based on the measured plasma temperature and elec-
tron number density, the calibration-free laser-induced
breakdown spectroscopy was developed by Ciucci et al.
[6], which in principle does not need a calibration curve
for the elemental analysis, and has thus avoided the time
consuming calibration experiments by using lots of stan-

dard samples and the matrix effect. Plasma temperature
and electron density has also been used as a criterion
for normalizing the spectral line intensities and improv-
ing measurement accuracy and repeatability (precision)
in LIBS analysis, which was due to the fluctuations of
experimental parameters and matrix effects [7].

The determination of plasma characters is an impor-
tant task in the plasma characterization research. The
principles for characterization of laser induced plasma by
optical emission spectroscopy had been described in a re-
view article by Adrain and Watson [8]. The laser plasma
characterization and analytical applications, including
the principles of laser plasma spectroscopy used for char-
acterization and spectrochemical analysis had also been
described in a book edited by Radziemski and Cremers
[9]. Basically, the electron temperature of plasma can be
determined from the emission spectrum of the plume [10]
by using the Boltzmann and Saha equilibrium equations
if local thermodynamic equilibrium is satisfied. In gen-
eral, the temperature can simply be obtained by the two
emission lines which have enough energy difference on
their upper energy levels by using Boltzmann plot [11,
12]. The second way to determine the temperature is us-
ing Saha–Boltzmann plot, which is related to a bunch of
emission lines of the neutral atom and the ion of a specific
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element. The advantage of the Saha–Boltzmann plot as
compared to the Boltzmann plot is that the lines between
the neutral and ion has a wider range of the upper level
energies, which will improve the accuracy of the mea-
sured temperature value. The electron number density
plays an outstanding role in the study of the degree of
thermodynamic equilibrium of the laser plasma. Its value
makes it possible to establish how far the plasma is from
the local thermodynamic equilibrium (LTE) conditions
[13, 14], a critical pre-assumption for LIBS quantitative
analysis. One of the most powerful spectroscopic tech-
niques to determine the electron density with reasonable
accuracy is by the measurements of the Stark broaden-
ing line profile of an isolated atom or singly charged ion
[15, 16].

To date, LIBS has been widely applied for analytical
purpose in many fields. With the intention to improve
the performance of the LIBS technique, some combina-
tion methods of laser ablation with the secondary exci-
tation source have been investigated in order to enhance
the optical emission of laser plasma and to improve the
signal-to-noise (S/N) ratio [17–27]. The combination of
secondary excitation source with laser ablation can im-
prove the homogeneity of plasma and increase the plasma
lifetime and amount or lifetime of the luminous species,
and generally will get a more stable signal and higher
signal to noise ratio (SNR) compared with single pulse
LIBS. The secondary excitation sources include another
sequential laser pulses [17–19], electric spark discharges
[20–24], radiofrequency [25, 26], and microwave radiation
[27], etc.

Recently, a nanosecond discharge enhanced laser
plasma source is developed [28, 29]. Preliminary exper-
imental results indicate that the combination technique
of laser ablation with a nanosecond discharge will greatly
enhance the optical emission intensity of laser plasma of
soil. Impressively, although a much lower discharge volt-
age (8 kV) is used in the nanosecond spark, the peak
intensities obtained from the trace element lines of soil
plasma emission were greatly enhanced when compared
with the microsecond spark which uses a 11 kV discharge
voltage. This character, a lower discharge voltage but
a higher signal intensity, is very useful in practical ap-
plication. In addition, the better precision in terms of
relative standard deviations (RSD) and signal to noise
ratios (S/N) were improved as well. The great advantage
of using the nanosecond discharge circuit to increase the
optical emission intensity and S/N ratio from laser ab-
lated plasma is demonstrated. Similar to that of double
pulse LIBS technique, it is likely that this technique will
gain a practical application in the analysis that needs
great sensitivity.

The plasma temperature and the electron density
are the two most significant parameters of fundamental
importance for the characterization of spectrochemical

plasma sources. In addition, the electron number density
makes it possible to establish how far the plasma is from
the local thermodynamic equilibrium (LTE) conditions.
Therefore, similar to that in LIBS technique, the investi-
gation of the temperature and electron number density of
discharge plasma is extremely necessary. In this article,
the variation of the electron temperature and electron
number density of plasma generated by laser ablation
fast pulse discharge plasma spectroscopy (LA-FPDPS)
technique using different nanosecond discharge voltage
is investigated. In addition, the character of the signal
enhancements has also been studied.

2 Method for temperature and electron
density measurement

2.1 The Boltzmann plot

In an LTE approximation, the optically thin emission
line integral intensity corresponding to the transition be-
tween two levels Ek and Ei of an atomic species is

Iki
λ = NsAki

gke−Ek/(kBT )

Us(T )
(1)

where λ is the wavelength of the transition; Ns is the to-
tal number density (cm−3) of the species in the plasma;
Aki is the transition probability for the given line; gk is
the k level degeneracy [30].

In actual measurements, the efficiency of the collecting
system affects as a scale factor the measured intensity of
the line. So, the measured integral intensity is

Iki
λ = FCsAki

gke−Ek/(kBT )

Us(T )
(2)

where Cs represents the concentration of the emitting
atomic species, and F is the experimental parameter
which takes into account the plasma density, volume of
plasma, the integration time as well as the optical effi-
ciency of the collection system.

Us(T ) is the partition function for the emitting species
at the plasma temperature T :

Us(T ) =
∑

i

gke−Ek/(kBT ) (3)

Aki, Ek, and gk can be retrieved from the National Insti-
tute for Standards and Technology (NIST) Database for
Atomic Spectroscopy.

By taking the logarithm of both sides of Eq. (2), we
obtain

ln
Iki
λ

gkAki
=

−Ek

kBT
+ ln

FCs

Us(T )
(4)

We can define

yi = ln
Iki
λ

gkAki
, xi = Ek, m = − 1

kBT



Xia-Fen Li, Wei-Dong Zhou, and Zhi-Feng Cui, Front. Phys., 2012, 7(6) 723

qs = ln
CsF

Us(T )
(5)

From substituting the above definitions, we can obtain
the following Boltzmann plot equation:

yi = mxi + qs (6)

The plasma temperature can be determined from the
slope m of the Boltzmann plot.

The accuracy of the temperature measurement based
on this method depends on the availability of spectral
lines with large difference in the excitation energies of
upper level. To receive a more accurate temperature one
can use Saha–Boltzmann plot.

2.2 The Saha–Boltzmann plot

In the LTE assumption, the Saha–Boltzmann plot
method can provide a reasonable estimation in cases of
plasmas in LIBS [30–32] and in spark discharge [33]. The
ratio between the singly ionized and neutral species of
the same element can be calculated by

ne
nII

nI
=

(2πmekBT )3/2

h3

2U II(T )
U I(T )

e−Eion/(kBT ) (7)

where Ne is the electron density (cm−3), Eion(eV) is the
ionization energy, me is the mass of the electron (g), h is
the Planck constant (eV· s). Then according to the Eq.
(7) the intensity of an ionic line I can be described as

III
λ = nIIAII

kig
II
k

e−EII
k/(kBT )

U II
s (T )

= AII
kig

II
k

e−EII
k/(kBT )

U I(T )

·n
I

ne

2(2πme)3/2

h3
(kBT )3/2e−Eion/(kBT ) (8)

Then, taking the logarithm of the intensity of an ionic
line, we obtain

ln
III
λ

AII
kig

II
k

= ln
FCI

U I
+ ln

2(2πme)3/2(kBT )3/2

neh3

−Eion + EII
k

kBT
(9)

On the basis of the Boltzmann method, we can obtain

x∗=

(
Ek for neutral lines

Ej + Eion for ionic lines

y∗=

8>><
>>:

ln
Iki

Akigk
for neutral lines

ln
Ijh

Ajhgi
− ln

2(2πme)
3/2(kBT )3/2

neh3
for ionic lines

(10)

So Eq. (9) can be described as follows:

y∗ = mx∗ + qs (11)

Similar to that of Boltzmann plot, a straight line is then

achieved and is called Saha–Boltzmann plot. And the
slope m of the plot is related to the electron tempera-
ture as well.

2.3 Electron density

One of the most powerful spectroscopic techniques to
determine the electron number density with reasonable
accuracy is by the measurements of the Stark broadened
line profile of an isolated atom or singly charged ion.
The Stark broadening, Doppler broadening, and pressure
broadening will affect the observed line widths. And the
Stark broadening is the primary mechanism influencing
the plasma emission spectra [34].

The electron number density Ne in cm−3 related to
Stark broadening lines is given by [35]

Δλ1/2 = 2ω · Ne

1016
+ 3.5A

(
Ne

1016

)1/4

· (1 − 1.2N
−1/3
D )ω · Ne

1016
· A (12)

where ω is the electron impact parameter (nm), A is the
ion broadening parameter (nm) and ND is the number
of particles in the Debye sphere, Δλ1/2 is the FWHM
of Stark broadening lines. The second term of the ionic
broadening is so small that can be neglected from Eq.
(12) and the electron density Ne can be given by the
formula:

Δλ1/2 = 2ω · Ne

1016
(13)

In the LIBS analysis the line shapes are often fitted with
pure Lorentz distributions [36, 37] (Δλfit). But when us-
ing the fitted line width to calculate the Stark broadening
line width, one has to take care of the influence of the
instrumental broadening.

And the actual calculation process of the Stark line
width Δλ1/2 for electron density calculations will be ex-
tracted by [38]

Δλs =
√

Δλ2
fit − Δλ2

ins (14)

where Δλfit is the Lorentz fit line width of the spectral
line, Δλins is the instrumental line width. The instru-
mental line width Δλins of our Avantes Spectrometer
system was found to be 0.1 nm with use of a low pres-
sure mercury lamp in our experiment.

The McWhirter criterion provides the lower limit for
the electron number density at which the plasma will be
in LTE [39]

Ne � 1.6 × 1012T 1/2
e ΔE3

ΔE is the largest energy transition for which the condi-
tion holds and Te is the excitation temperature.



724 Xia-Fen Li, Wei-Dong Zhou, and Zhi-Feng Cui, Front. Phys., 2012, 7(6)

3 Experimental

The experimental apparatus (Fig. 1) has been described
in detail in references [20–22, 28]. Briefly, the LA-FPDPS
system includes three major parts, a high voltage fast
discharge circuit, a Q-switched pulse Nd:YAG laser and
a spectroscopy detection system which is composed of a
pulse generator and an Avaspec-2048 fiber optic Spec-
trometer. The pulse laser system and the spectroscopy
detection system are similar with those used in a tra-
ditional single pulse LIBS system. The detector of the
spectrometer was a CCD linear array having 2048 pixels,
which can be externally triggered to start signal integra-
tion with an integrating time of 2 ms. The spectrometer
was able to measure a wavelength range (196–500 nm)
simultaneously with a spectral resolution of ∼0.1 nm.

Fig. 1 Schematic diagram of LA-FPDPS system. HV – High volt-
age.

The high voltage and fast discharge circuit is composed
of a high DC power supply coupled to a spark gap. The
gap between the pair alloy electrodes is 5mm and has
been set at a distance of 2 mm above the sample surface.
The electrodes are cylindrical rods of 5 mm in diameter
with a hemisphere shaped tip. A low inductive 6 nF ca-
pacitor is directly connected to the two electrodes. And
the high voltage will add to the spark gap immediately
when the capacitor was charged. The voltage used in the
experiments is 8–11 kV. The circuit will give a rapid and
time damped alternating electric discharge with a short
oscillating period of ∼ 200 ns [28, 29]. Shortly after the
sample was ablated by a focused Nd:YAG laser beam
which comes typically 49 mJ per pulse at 1064 nm with
a 10 ns pulse width, a discharge between electrodes was
triggered automatically by the charged particles in the
laser plasma. The expanding laser induced plume was

then intercepted by the microsecond discharge spark.
Then plasma emissions were collected and detected by
an Avaspec-2048 fiber optic spectrometer.

All experiments were performed in the normal at-
mospheric condition. In the experiments, the sample is
mounted on an x–y translation stage driven by two step-
motors so that the sample is moved during the data ac-
quisition to ensure a fresh spot for each laser shot and
discharge. The laser energy used in the experiments was
49 mJ per pulse.

4 Results and discussion

4.1 Optimization of discharge voltage

In the present work, the standard powder sample
(GBW07419) from The National Institute of Metrology
of China was used. In the measurements, the laser energy
was ∼ 49 mJ. Figure 2 is the typical LA-FPDPS spectra
obtained from soil sample at different discharge voltages
from 8 kV to 11 kV and the traditional LIBS spectra,
i.e., V = 0. Apparently, the LA-FPDPS spectral line in-
tensity is greater than the simple LIBS spectra and it
increases as the voltage rises. The RSD and the SNR of
the line intensities of the averaged spectrum at different
discharge voltages are shown in Table 1 and Table 2. As
we found out, the stability of the spectra increases with
the rise of the voltage, then decrease when the voltage
gets greater than 10 kV. For the SNR of the spectra, it
is smaller at 10 kV but close to that at 9 kV, indicat-
ing that a relatively stable discharge and spectral line
intensity were obtained at a discharge voltage about 10
kV.

Fig. 2 Spectrum of soil sample obtained by LA-FPDPS at 8–11
kV discharge voltages.

Table 1 The RSD of a certain spectral lines with different discharge voltages.

212.47 220.86 221.23 221.78 243.61 298.94 386.36 462.17 504.52

0 kV 0.0718 0.0988 0.0730 0.0592 0.0273 0.0456 0.0847 0.3050 0.1907

8 kV 0.0689 0.0654 0.0659 0.0659 0.0674 0.0624 0.0572 0.0521 0.0525

9 kV 0.0136 0.0143 0.0145 0.0148 0.0126 0.0156 0.0100 0.0101 0.0061

10 kV 0.0111 0.0080 0.0091 0.0089 0.0104 0.0067 0.0084 0.0015 0.0026

11 kV 0.0214 0.0177 0.0186 0.0206 0.0069 0.0150 0.0103 0.0094 0.0085
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Table 2 The SNR of a certain spectral lines with different dis-
charge voltages.

212.47/nm 221.78/nm 250.8/nm 385.7/nm 462.17/nm

8kV 29.11 59.05 76.59 35.75 108.1

9kV 56.07 136.2 99.37 18.81 98.05

10kV 61.55 115.9 97.62 15.73 82.36

11kV 50.67 110.3 95.57 12.36 79.52

4.2 Electron temperature and electron number density

From the atomic and ionic Si line intensities of the
measured spectra, after the correction of the measured
line intensities for the spectral response of the optical
system, a Saha–Boltzmann plot may be constructed.
Table 3 shows the spectral parameters which are used in
the temperature calculation. Figures 3(a)–7(a) are the
Saha–Boltzmann plots and the deduced temperatures
at different discharge voltages. The measured tempera-
tures at different discharge voltages are listed in Table 4.
Obviously, the electron temperature of the LA-FPDPS
plasma is larger than the simple LIBS laser plasma in
agreement with the enhanced optical emission in the
LA-FPDPS technique. But the temperature has merely
a slight variation with the increment of discharge volt-
age. The stark broadening of Si I 212.47 nm was used
to calculate electron number density in the study. Fig-
ures 3(b)–7(b) shows the fitting of spectral profile of Si
I 212.47 nm line in different discharge voltages. Accord-
ing to Eq. (14), the stark width can be derived, and
the electron density can then be deduced from Eq. (13).
In the stark line width measurements, the instrumental
line width was measured by using low-pressure mercury
lamp, and the value is about 0.1 nm. The measured elec-
tron number density at different discharge voltages are

Table 3 Parameters of Si emission lines for electron temperature
calculations. (I, Neutral; II, Singly ionized)

λki/nm Ek/eV gk Aki/(10
8s)

Si I 212.41 53362.24 7 2.97

220.80 45276.19 3 0.26

221.17 45276.19 3 0.18

221.67 45321.845 7 0.45

243.50 47351.55 5 0.44

250.69 39955.05 5 0.55

251.61 39955.05 5 1.68

251.92 39760.29 3 0.55

252.41 39683.16 1 2.22

252.85 39760.29 3 0.90

263.13 53387.33 3 1.06

288.16 40991.88 3 2.17

298.76 39760.28 3 0.01

Si II 207.20 103556.16 6 0.96

385.60 81251.32 4 0.44

386.26 81191.34 2 0.39

413.09 103556.03 8 1.74

504.10 101023.05 4 0.70
Figs. 3(a)–7(a) Saha–Boltzmann plot calculated from Si lines

of soil plasma generated by LA-FPDPS.
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Figs. 3(b)–7(b) The fitting of spectral line profile of Si (I) tran-
sition at 212.47 nm.

listed in Table 4 as well. Similar to that of tempera-
ture, the electron number densities are higher in the LA-
FPDPS plasma than that in the laser induced plasma.
In addition, the electron number density monotonically
increases with an increase of discharge voltage.

Table 4 The measured electron temperature (T ) and electron
number density (Ne) at different discharge voltages.

Discharge voltage/kV T/K ω/(10−3nm) Δλ/nm Ne/(1018cm−3)

0 14260 1.38 0.241 0.79

8 15930 1.25 0.278 1.04

9 16049 1.24 0.282 1.06

10 15947 1.24 0.295 1.12

11 16507 1.23 0.302 1.16

Note: ω is the electron impact parameter; Δλ is the measured line

width.

5 Conclusions

In summary, LTE condition is fulfilled in the soil spark
plasma generated by LA-FPDPS, and the electron tem-
perature and the electron number density in different
discharge voltages have been measured. By comparing
the enhancement of emission, the RSD, and the SNR of
spectral line intensity, a relatively stable optical emission
spectrum is found at a discharge voltage of 10 kV. The
electron temperature and the electron number density of
the spark plasma are larger than the simple LIBS laser
plasma, in consistency with the finding that the inten-
sity of spark spectral lines is greater than the LIBS lines.
In addition, the electron temperature and the electron
number density have been slightly incremented with the
rise of discharge voltage as well.
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