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Characteristics and development mechanisms of nanosecond laser plasma targeting high-pressure gases have been clarified, and it is 
known that dense plasma can be obtained. As it has become possible to utilize ultrashort pulse lasers at a relatively low cost, gas target 
plasma using femtosecond lasers has also been studied. However, the characteristics of the plasma generated by irradiating high-pressure 
gases with femtosecond lasers remain unknown. Therefore, the gas pressure dependence of the electron density of femtosecond-laser-
induced argon plasma was measured using a Mach–Zehnder interferometer. The electron temperature distribution and gas pressure 
dependences of the electron temperature were measured using the Boltzmann plot method. As a result, the electron density slightly 
increased with increasing gas pressure and reached values in the order of 1025 m-3. The electron temperature varied with the gas pressure 
from 3000 to 8000 K at a laser pulse energy of 30 mJ and from 8000 to 12000 K at 50 mJ. High-pressure argon femtosecond laser plasma 
was found to be low-temperature and high-density plasma.

In recent years, many high-powered lasers have been developed, and laser plasma has been actively studied. Laser plasma targeting 
solids have been considered in areas such as nuclear fusion and X-rays [1]. Incidentally, laser plasma targeting gases has also been 
studied. In 1963, Mayerand, et al. reported the breakdown threshold of a laser plasma targeting gas for the first time [2]. Later, 
Raizer compared the experimental results with theoretical calculations [3]. Since then, significant research on the breakdown 
thresholds of gas target laser plasmas has been conducted [4-6]. In addition, research on laser plasma targeting gases led to the 
realization of laser-triggered lightning [7]. In the case of using a gas as a target, it is necessary to increase the density of the gas for 
generating dense laser plasma. Therefore, research on nanosecond laser plasma targeting high-pressure gases has been conducted, 
and the characteristics and development mechanisms of this process have been clarified [8-11]. Dense plasma can be developed 
with high speeds, and its applications to a plasma bridge gap switch have been studied [12]. It is possible to utilize ultrashort pulsed 
lasers at relatively low cost; hence, gas target plasma using femtosecond lasers has also been studied [13-15]. However, in most of 
these studies, the gas is at subatmospheric pressure, and there are few studies on femtosecond laser plasma for gas pressures higher 
than atmospheric pressure. Incidentally, it is studied to utilize the high temperature and high density plasma generated in the high 
pressure gas as the target of the muon beam in the muon-catalyzed fusion [16]. Laser plasma is advantageous when using high 
density plasma for such applications. In this case, it is important to know the plasma parameters beforehand.

Introduction

ISSN: 2577-7920

Based on previous excimer laser plasma studies, high-pressure plasma is considered to have high electron density [11]. As is shown 
later, even in femtosecond laser plasma, a high density of electrons, ~1025 m-3 , was measured. Such a dense plasma is said to be in a 
local thermal equilibrium state, and the density of its excitation state can be expressed by the Boltzmann distribution

In this article, the experimental results of electron density and electron temperature of femtosecond laser plasma generated in high 
pressure argon gas are reported.

Fundamental Concept
Boltzmann plot method
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where Iij, Aij and hvij represent the light intensity, transition probability, and energy per photon of the transition from level i to j, 
respectively. From Equations (1) and (2), the following equation was obtained [8]:

where ω is the angular frequency of the probe laser and ωp is the plasma angular frequency and is given by

where ε0 is the dielectric constant of vacuum, e is the electron charge, and me is the electron mass. From the above Equations (4), 
(5), and (6), the electron density ne is given by

Plasma was generated by irradiating the laser light from a titanium sapphire laser Alpha 10 (maximal output 1 TW, pulse width 100 
fs, wavelength 780 nm, manufactured by Thales Co.) into a chamber filled with argon using a planoconvex lens. The characteristics 
of the generated plasma were measured and are reported below. The chamber was cylindrical (diameter, 150 mm; length, 220 mm), 
made of stainless steel, had four quartz windows (diameter, 20 mm) and could withstand pressures up to 150 atm. The pulse energy 
of the femtosecond laser was adjusted using a neutral density filter.

The experimental setup for the distribution and pressure dependence measurements of the electron temperature is shown in 
Figure 1. The Q switch signal of the femtosecond laser handled as a trigger signal was delayed to synchronize the spectroscopy 
and plasma generation. An optical fiber was connected to a spectroscope that generated light intensity distribution data obtained 
by the spectroscopy measurements of the plasma light. The electron temperature could be obtained by applying the Boltzmann 

where ni and no, respectively, represent the density of the -th level and the ground level,  gi and g0 are the statistical weights of the 
respective levels, Ei is the excitation energy from the ground state to the  i-th level, k is the Boltzmann constant, and  Te represents 
the electron temperature. The line spectrum intensity, owing to the transition from level  to level j, is expressed by

, 

(1)

(2)

(3)

(4)

(5)

(6)

(7)

Mach–Zehnder Interferometer

Experimental Methods

When the plasma is in local thermal equilibrium, the plot of ( )ln /üüüI g Aν  versus Ei for multiple line spectra lies on a straight line, 
according to Equation (3). The electron temperature is derived from the slope of the straight line obtained by the Boltzmann plot.

The interference between the probe laser light that propagates in the plasma and the laser light that propagates in the atmosphere, 
a phase difference is generated owing to the difference between the propagation times of the two light beams. The frequency of the 
interference fringe, FL, at the end of the laser pulse is expressed by the following equation as given in reference [17]:

where L is the optical path length of the laser transmitted through the medium and λ is the wavelength of the probe laser. The 
refractive index, μ, in the plasma is expressed by

Electron Temperature Measurement
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Electron Density Measurements

Electron Temperature Measurement Results

Figure: 1 Experimental setup for electron temperature measurements

plot method to the line spectrum. In the case of the measurement of the electron temperature distribution, the distances from 
the plasma to the relay lens (A) (focal length 55 mm) and the relay lens to the optical fiber (B) were adjusted so that the laser 
plasma light was projected onto a pinhole with ~1.5× magnification. The electron temperature distribution of the laser plasma 
was measured by moving the pinhole and optical fiber along the plasma image on the pinhole. In the case of the measurement 
of the pressure dependence of the electron temperature, using the relay lens with a focal length of 30 mm, the distances (A) and 
(B) were adjusted to ~0.15× magnification. To measure the average electron temperature, the entire plasma light entered into the 
optical fiber (core diameter 600 μm). Incidentally, the focal length of the planoconvex lens in high-pressure gas increases since 
the refractive index of the gas changes in the high-pressure gas. Therefore, the position where the plasma is generated shifts in the 
direction of the optical axis. The shift of the position of the plasma was offset by simultaneously moving the equipment surrounded 
by the broken line in Figure 1 by a distance corresponding to the shift of the focal length.

Experimental Results and Discussion

If the distance (A) from the plasma to the relay lens (focal length 55 mm) is 91 mm and the distance (B) from 
the relay lens to the pinhole is 139 mm, the magnification is ~1.5X. If the relay lens with the focal length of 30 
mm is used and the distances (A) and (B) are 230 mm and 34.5 mm respectively, the magnification is ~0.15X

The Mach–Zehnder interferometer was constructed using an argon ion laser (wavelength, 488 nm) as the probe laser. The 
experimental setup for electron density measurements is detailed in reference [11]. Using a splitter, the probe laser beam was 
divided into a beam that traversed the plasma and a beam that did not. The split beams were merged to yield interference fringes 
that varied according to the plasma along the optical path of the probe laser. The electron density of the plasma was obtained from 
temporal changes of the interference fringes. The fringe at the end of the laser pulse could not be observed because the plasma 
absorbed the probe laser beam; therefore, the maximal fringe number was obtained by extrapolating from the time when the 
interference fringe did not change to the time of the end of the laser pulse. The pressure dependence of the electron density was 
measured by changing the argon gas pressure. In addition, the deviation of the focal length of the planoconvex lens in the high-
pressure gas was offset by simultaneously moving the optical system.

Species Wavelength
 [nm]

Lower Energy 
Level Ej [eV]

Upper Energy 
Level Ei [eV]

Transition Probability 
Aij [106 s-1]

Upper Statistical
 Weight gi

Ar I 415.859 11.55 14.53 1.4 5

Ar I 420.068 11.55 14.50 0.967 7

Ar I 696.543 11.55 13.33 6.4 3

Ar I 706.722 11.55 13.30 3.80 5

Ar I 738.398 11.62 13.30 8.46 5
Table 1: Spectral lines of Ar I                                   

Line spectral data obtained from National Institute of Standards and Technology (NIST) for the Boltzmann plot are shown in 
Table 1 [18]. The light intensity distribution and the Boltzmann plot of plasma light at the Ar gas pressure of 10 atm and the 



J Nanosci Nanotech Applic 4

                                                                               Volume 3 | Issue 1
 
ScholArena | www.scholarena.com

                    

Figure 2: The light intensity ratio distribution

Figure 3: The Boltzmann plot with a straight-line slope of approximately -1.12

The measurement results of the electron temperature distribution along the optical axis, for the Ar gas pressure of 10 atm, are 
shown in Figure 4. The error bars in this figure represent the variations of the results measured five times. As the laser pulse 
energy increases, the maximum value of the electron temperature increases, and the plasma length increases backwards from 
the focal point. As the laser pulse energy increases, the intensity of light that may cause multiphoton ionization can be obtained 
even backwards from the focal point, so that the initial electrons can occur backwards from the focal point. If initial electrons are 
generated early by multiphoton ionization, it is considered that the time used for cascade ionization will be longer, and it will be 
easier to grow backwards from the focal point.

The measurement results of the gas pressure dependence of the average electron temperature are shown in Figure 5. The error bars 
in this figure represent the variations of the results measured five times. As the gas pressure increases, the electron temperature 
also increases, but as the gas pressure becomes higher, the increment decreases. This is likely due to the fact that as the gas pressure 
increases, the heating by the inverse bremsstrahlung radiation increases, while the losses due to the collisional ionization and 
elastic collision of electron and argon atoms also increase. The electron temperature could be measured up to a gas pressure of 16 
atm at a laser pulse energy of 30 mJ, a gas pressure of 20 atm at a laser pulse energy 40 mJ and 50 mJ. This is because the plasma 
light is absorbed by the argon gas and the line spectrum of 416 nm and 420 nm necessary for the Boltzmann plot becomes less 
likely to appear as the gas pressure is higher.

laser pulse energy of 50 mJ are shown in Figures 2 and 3, respectively. In the Boltzmann plot of Figure 3, because the slope of the 
straight line was -1.12, the electron temperature was inferred to be 10359 K.
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Figure 4: Electron temperature distributions

Figure 5: Electron temperature vs. pressure

Interference fringes and an extrapolation example of its frequency, FL, at the gas pressure of 10 atm and laser pulse energy of 50 mJ 
are shown in Figures 6 and 7, respectively. In the case of Figure 7, the electron density is 4.89 25 310  m−×  according to Equation (7), 
when the optical path length, L, is assumed to be 500 μm.

Electron Density Measurement Results

Figure 6: Actual interference fringes

The gas pressure dependence of the measured electron density is shown in Figure 8. The error bars in this figure represent the 
variations of the results measured three times. As the gas pressure and laser pulse energy are changed, the electron density does 
not change significantly, and is in the order of 1025 m-3  . This reason for this is due to the plasma development mechanism called 
"breakdown wave". If dielectric breakdown occurs at the focal point before the laser pulse reaches its peak, as the laser power 
increases due to the laser pulse approaching the peak, the ionizable region spreads to the back of the focal point. Because the 
ionization front moves backwards from the focal point and laser energy is consumed there, if the laser pulse energy increases, the 
electron density does not change and the plasma length increases. As the gas pressure increases, the breakdown threshold power 
decreases; hence, the electron density does not change and the plasma length increases.
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Figure 7: The extrapolation example of its frequency

Figure 8: Electron density vs. gas pressure

Conclusions
Electron temperature and electron density of femtosecond laser plasma generated in high-pressure argon gas were measured. 

The electron temperature distribution measurement showed that the higher the laser pulse energy, the longer the plasma length 
backwards from the focal point. According to the gas pressure dependence measurement of the electron temperature, as the gas 
pressure increases, the heating by the inverse bremsstrahlung radiation increases, but as the gas pressure increases the loss also 
increases. Hence, as the gas pressure increases the electron temperature increases and then decreases. The electron temperature 
varied with the gas pressure from 3000 to 8000 K at laser pulse energy of 30 mJ, and from 8000 to 12000 K at 50 mJ. The electron 
density slightly increased to ~ 1025 m-3 with increasing gas pressure. It was demonstrated that high-pressure Ar femtosecond laser 
plasma has low temperature and high density.

Acknowledgement
This research was partially obtained by financial assistance of the AIT Special Grant “Development of Hybrid-Power Science & 
Technology for Green-Energy”.

References
1. O’Neill F (1988) Laser-Plasma Interactions 4 (1st Edn) Scottish Universities Summer School in Physics, USA.

3. Raizer YP (1965) Heating of a Gas by a Powerful Light Pulse. J Exp Theoretical Phy 21: 1009-17.
2. Meyerand RG, Haught AF (1963) Gas Breakdown at Optical Frequencies. Phys Rev Lett 11: 401-3.

4. Morgan CG (1975) Laser-induced Breakdown of Gases. Rep Prog in Phy 38: 621-65.
5. Ostrovskaya GV, Zaĭdel' AN (1974) Laser spark in gases. Soviet Phy Uspekhi 16: 834-55.

https://books.google.co.jp/books?id=qS2JAApGutYC&printsec=frontcover&hl=ja&source=gbs_ge_summary_r&cad=0#v=onepage&q&f=false
https://www.jetp.ac.ru/cgi-bin/e/index/e/21/5/p1009?a=listhttp://www.jetp.ac.ru/cgi-bin/e/index/r/48/5/p1508?a=list
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.11.401https:/doi.org/10.1103/PhysRevLett.11.401
https://iopscience.iop.org/article/10.1088/0034-4885/38/5/002/pdf
https://iopscience.iop.org/article/10.1070/PU1974v016n06ABEH004094


J Nanosci Nanotech Applic                                7

                                                                               Volume 3 | Issue 1
 
ScholArena | www.scholarena.com

                    

7. Ball LM (1974) The Laser Lightning Rod System: Thunderstorm Domestication. Appl Opt 13: 2292-5.
8. Yamada J, Sakakibara T, Okuda T (1977) Interaction between High Pressure Argon Gas and Ruby Laser Light. Electr Eng Jpn 97: 638-44.
9. Yamada J, Tamano T, Okuda T (1985) Physical Properties of Laser-Produced Dense Plasma in High-Pressure Argon Gases. Japanese J Appl Phy 24: 856-61.
10. Tsuda N, Uchida Y, Yamada J (1997) Spectroscopic Measurement of High-Pressure Argon Plasma Produced by Excimer Laser. Jpn J Appl Phy 36: 4690-4.
11. Tsuda N,Yamada J (1999) Physical Properties of Dense Plasma Produced by XeCl Excimer Laser in High-Pressure Argon Gases. Jpn J Appl Phy 38: 3712-5.
12. Yamada J, Okada T (1989) Laser-produced dense plasma in extremely high pressure gas and its application to a plasma-bridged gap switch. Laser and Particle 
Beams 7: 531-7.

14. Talebpour A, Abdel-Fattah M, Bandrauk AD, Chin SL (2001) Spectroscopy of the Gases Interacting with Intense Femtosecond Laser Pulses. Laser Phy 11: 68-76.
15. Liu W, Bernhardt J, Théberge F, Chin SL, Châteauneuf M, et al. (2007) Spectroscopic characterization of femtosecond laser filament in argon gas. J Appl Phy 
102: 033111.

13. CAO Yu, LIU Xiao-Liang, XIAN Wen-Duo, SUN Shao-Hua, SUN Ming-Ze, et al. (2015) Characterization of Femtosecond Laser-Induced Plasma under Low 
Pressure in Argon. Chin Phy Lett 32: 035203.

16. Froelich P, Flores-Riveros A, Wallenius J, Szalewicz K (1994) Fusion in flight from the molecular continuum of dtμ. Phy Lett A 189: 307-15.
17. Ashby DETF, Jephcott DF, Malein A, Raynor FA (1965) Performance of the He-Ne Gas Laser as an Interferometer for Measuring Plasma Density. J Appl Phy 
36: 29-34.
18. National Institute of Standards and Technology (2018).

6. Buscher HT, Tomlinson RG, Damon EK (1965) Frequency Dependence of Optically Induced Gas Breakdown. Phys Rev Lett 15: 847-9.

https://www.ncbi.nlm.nih.gov/pubmed/20134678
https://onlinelibrary.wiley.com/doi/abs/10.1002/eej.4390970605
https://iopscience.iop.org/article/10.1143/JJAP.24.856/pdf
https://iopscience.iop.org/article/10.1143/JJAP.36.4690/meta
https://iopscience.iop.org/article/10.1143/JJAP.38.3712/meta
https://www.cambridge.org/core/journals/laser-and-particle-beams/article/laserproduced-dense-plasma-in-extremely-high-pressure-gas-and-its-application-to-a-plasmabridged-gap-switch/8707ACDCE86CF0E76A253544FB47AEA5
https://www.intranet.copl.ulaval.ca/slc/Member/MPublication/188_LP_011_0068.pdf
https://aip.scitation.org/doi/10.1063/1.2759887
https://iopscience.iop.org/article/10.1088/0256-307X/32/3/035203/meta
https://www.sciencedirect.com/science/article/abs/pii/0375960194901015?via%3Dihub
https://aip.scitation.org/doi/10.1063/1.1713893
https://www.nist.gov/
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.15.847

