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Introduction: Rapid and accurate measurements of 

the elemental compositions of samples over a large 
area around a landing site are extremely important for 
landing missions. Laser-induced breakdown spectros-
copy (LIBS) has several advantages including the 
ability of remote measurements, rapid analyses, re-
moval of dust layers on the surface of a target, and 
high sensitivity to volatile elements [1, 2]. 

The pulse energy of laser is one of the most essen-
tial parameters for LIBS design. Although intensities 
of emission lines of a limited number of elements (i.e., 
Al and Mn) have been measured as functions of laser 
energy under a simulated Martian atmosphere using 
metal samples [3, 4], few systematic studies using 
various elemental species have been done regarding 
the effect of laser fluence on LIBS spectra for most 
geologically important elements and target materials 
under the conditions on Mars. In this study, we change 
laser fluence on the surface of a target to examine the 
effect of the laser fluence on LIBS spectra. In particu-
lar, we measure changes in the intensities of (1) total 
plasma emission and (2) individual spectral lines. Also 
in order to understand the physical mechanism behind 
the observed intensity changes, we measure the tem-
perature of laser-induced plasma for different fluences 
of laser pulse using the Boltzmann plot method [5].  

Experimental: We used a Nd:YAG pulse laser 
(1064 nm of wavelength, 6 ns of pulse width). The 
pulse energy was set at 9, 18, 30, 60, and 180 mJ. The 
laser beam was focused on the surface of a basalt slab 
sample (40 × 40 × 5 mm) placed in a chamber filled 
with 10 mbar CO2 to simulate the Martian atmosphere. 
The diameter of laser spot area was fixed as 875 ± 15 
µm, which makes the fluence of the laser pulse be 1.50 
± 0.05, 3.0 ± 0.1, 5.0 ± 0.2,, 10.0 ± 0.3 and 30 ± 1 
J/cm2, for the above pulse energies, respectively.  

Plasma radiation induced by laser beam was ob-
served through the same viewport as the incoming 
laser beam and was reflected once by a mirror (10 cm 
in diameter) before focused by a lens on an optical 
fiber. The light transmitted through the fiber was ana-
lyzed by a spectrograph (Acton, SpectraPro 2750) and 
an intensified charge-coupled device (ICCD) camera 
(Princeton instruments, PI-MAX). The grooving densi-
ties of gratings of the spectrometer were either 2400 or 
150 lines/mm. The grating of 2400 lines/mm was used 
to observe Fe neutral atomic spectral lines for obtain-
ing a Boltzmann plot. For other measurements, a grat-

ing with 150 lines/mm was used to cover a wide range 
of spectra at once. Effective spectral resolutions were 
about 0.03 nm and 0.7 nm for 2400 and 150 lines/mm 
of gratings, respectively. The observable spectral range 
was from 350 nm to 750 nm. We used the average of 3 
locations × 30 shots = 90 spectra for analyses. Both 
neutral atomic and ionic lines of the major elements, 
such as Fe, Ca, Ti, Na, Mg, Si, and O, are investigated. 
The emission from laser-induced plasma was spatially 
integrated. 

Results: Two examples of the time-integrated 
spectra of the laser-induced plasma from are shown in 
Fig. 1. The laser energies (fluences) are 18 mJ (3 
J/cm2) and 180 mJ (30 J/cm2), respectively. In both 
cases, the elements appeared in the emission spectra 
are almost the same, but their relative intensities are 
changed. In other words, variations in laser energy lead 
to different spectral patterns as well as spectral intensi-
ties. Closer examination of time-integrated spectra 
reveals that the total emission integrated over the entire 
wavelength range has a linear correlation with the laser 
fluence when the laser energy is high enough (> 5 
J/cm2) to cause a breakdown of a target. When the 
laser fluence is < 5 J/cm2, emission intensity was very 
small.  

Measurements of the individual spectral intensities 
of elemental species for different laser fluence values 
show the intensities of different species increase at the 
different rate when the laser energy increases. We also 
found that the rates of intensity increase are quantita-
tively controlled by the excitation energies of the spe-
cies. For example, spectral intensities of elements with 
high excitation energies such as O (II) and Si (II) are 
more enhanced than those of elements with low excita-
tion energy (Fig. 2). To evaluate the difference in in-
tensity increase more quantitatively, we fitted the in-
tensities with power-law functions to derive power-law 
exponents. The result of the analysis indicates that, the 
elements with high excitation energies, such as O (II) 
and Si (II), has greater power-law exponents ~2.5, but 
that those with low excitation energy ies (e.g., Ti (I) or 
Fe (I)) tend to have smaller power-law exponents (1.1 - 
1.5) (Fig. 3).  

The excitation temperature of laser-induced plasma 
for each laser fluence is estimated using the Boltz-
mann-plot method with Fe atomic lines. The fact that 
the Fe line intensities follow Boltzmann distribution 
well strongly suggests that local thermal equilibrium 
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(LTE) is achieved within the plasma vapor. Then the 
spectral intensities of other elemental species were 
examined whether the behavior of the line intensities 
of other atomic lines can be accounted for by LTE 
plasma. The result suggests the trend of intensity en-
hancement with increasing laser energy can be attrib-
uted to increase in temperature of LTE plasma. 

Such data indicate that rock samples would gen-
erate different spectra when laser fluence fluctuates. 
Such fluctuation would then influence the accuracy of 
elemental analyses. Laser fluence will be different 
when the distance between laser instrument and targets 
are changed; the targets near the laser can receive 
higher fluence than far targets. Problems in a power-
supply unit or a laser unit may become a possible 
cause for the fluence fluctuations during the operation. 

These results, on one hand, indicate the necessity 
of calibration with respect to laser fluence on a tar-
get surface. On the other hand, the results obtained 
in this study also suggest the possibility of predic-
tion of the effect of laser fluence change using the 
apparent power law relations between spectral in-
tensity and the fluence. 
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Fig. 1: Comparison of time-integrated LIBS spectra of 
laser-induced plasma of a basalt sample under a simu-
lated Martian atmosphere. The spectra for 18 mJ and 
180 mJ of laser energy are shown. The time window 
was from 40 ns before the laser irradiation to 1ms after. 

Not only the spectral intensity but also the patterns of 
spectra change as laser energy is changed. 
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Fig. 2: Spectral intensity as a function of upper energy 
levels of emission lines. An exponential correlation 
between intensity and energy level is observed. Be-
cause some of the ion lines with high excitation ener-
gies were too small to detect for 9 mJ and 18 mJ, they 
are not shown in the figure.  

 
Fig. 3: The power-law exponents α  of the time-
integrated intensity of emission lines as a function of 
excitation energy E of elemental species. Although the 
line fitting is still preliminarily, the best fit power-
law is α  ~ E 0.21. Each point represents the exponent 
derived from each spectral line. Spectral intensities of 
elements with high excitation energy tend to be more 
enhanced than those with low excitation energies when 
laser fluence is increased. 
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