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Abstract 

We demonstrate the detection and quantification of isotopes from solid samples remotely at a 

distance of 36 m. This was accomplished through the combination of  femtosecond filaments and 

laser ablation molecular isotopic spectrometry (F2-LAMIS). Isotopically enriched graphite 

samples with varying 13C concentration were used and the F2-LAMIS emission was measured 

remotely using a portable spectrometer system. A standardless quantification approach was used 

to determine the corresponding isotopic ratios. The use of F2-LAMIS for the detection and 

quantification of isotopes at atmospheric pressure without the use of calibration standards opens 

the possibility to implement this technology for remote sensing of isotopes in field applications. 
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1. Introduction 

Laser Induced Breakdown Spectroscopy (LIBS) and Laser Ablation Molecular Isotopic 

Spectrometry (LAMIS) are very attractive spectrochemical techniques due to their ability to 

perform real-time analysis at atmospheric pressure with no sample preparation.  LIBS can analyze 

optical emission from excited atoms and ions in the ablation plume when the plasma is hot and 

provide information predominantly about the elemental composition of samples. In contrast, 

LAMIS can detect isotopes by analyzing molecular emission as the plasma cools by taking 

advantage of the relatively large isotope shifts in spectra of transient molecular isotopologues. [1-

3]. 

There is growing interest to use LAMIS at remote distances for difficult to access or hazardous 

environments, as well as in space exploration missions. The detection of isotopes in solid samples 

at distance represents a significant challenge, and there is a lack of technologies to enable this 

application. Conventional nanosecond lasers for standoff laser plasma generation is limited by the 

difficulty to tightly focus the beam at long distances. Optical diffraction limits sufficient laser 

fluence for the ablation process at long range, demanding the use of very high laser energies [4]. 

Ultrashort laser pulses provide an alternative for remote laser plasma generation as their self-
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focusing capability can overcome diffraction and ensure long propagation, while retaining most of 

the peak power. Such laser beams can propagate many meters with almost constant high peak 

intensity due the well-known filamentation effect [5].  Filamentation is defined as a long plasma 

channel produced by the dynamic balance between Kerr self-focusing and defocusing of the 

plasma generated in air. Filaments have a central core with diameter on the order of 100 μm an 

energy reservoir that is more than 5 times the diameter of the core and contains approximately 

50% of the beam energy [6]. When self-focusing is saturated, the pulse energy collapses to a thin 

filament, with a clamped peak intensity of about 40 TW/cm2, enough to ablate solid samples and 

induce high-intensity plasma emission [5-8]. 

Elemental analysis using Remote LIBS has been reported with Terawatt lasers [9,10]. Specifically, 

LIBS emission from filament-induced plasmas on Cu and Fe targets were detected at 90 m with 

250 mJ fs laser pulses with wavelength of 800 nm. The analysis of Al alloy was recorded at 50 

[11] and 60 m distances [12], including under extreme environmental conditions such as such as 

extreme pressure or temperature gradients [12]. Elemental signals from complex biological 

samples were also  detected at short distance (less than 6 m) using a Ti:Sapphire laser system at 

several mJ of energy [13-14].   

For isotopic analysis at a distance, Femtosecond Filament - Laser Ablation Molecular Isotopic 

Spectrometry (F2-LAMIS), a technology which combines filamentation with the LAMIS 

technology, has been reported for Zr isotopic analysis [15].  Using F2-LAMIS, it was possible to 

detect and quantify the natural isotopic abundance of 90Zr, 91Zr, 92Zr and 94Zr with the sample 

positioned at 8 m, and collecting the molecular oxide emission close to the plasma. A fitting 

algorithm was used in this case for standardless quantification [15]. The detection of uranium oxide 
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isotopic shift without quantification in a 235U enriched sample was achieved with the sample 

positioned in a chamber 1 m from the collection optics [16].  

One of the challenges for isotope detection with optical spectroscopy at long distances is the 

difficulty to collect the plasma emission, as signals decrease in a quadratic fashion with the 

distance between the plasma and telescope. In addition, control of the filament is necessary to 

obtain an intense and stable plasma in open air, especially for less powerful lasers. Finally, isotope 

quantification is challenging due to lack of matrix matched calibration standards at remote 

distances. This work explores F2- LAMIS for remote isotope detection and quantification at a 

sample-to-laser distance of 36 m, by studying 13C and 12C emission in isotopically enriched 

graphite samples.  The C2 molecular emissions were detected by a telescope and spectrometer at 

36 m distance from the sample. A standardless spectral fitting approach was used to determine the 

13C isotopic abundance in the F2-LAMIS spectra.   

 

2. Experimental 

The experimental system is shown in Figure 1. A Ti:Sapphire laser (Astrella, Coherent) with  an 

energy of 5 mJ at 800 nm wavelength was used in this work. The laser pulse was stretched to 150 

fs and the laser repetition rate ranged from 50-200 Hz. A frequency resolved optical gating or 

FROG system (Newport) was used to determine the pulse width and chirp. A custom refractive 

beam expander placed at the laser exit was used to change beam diameter and adjust the filament 

initiation distance. The expander consisted of two lenses with f1 = -30 cm and f2 = 100 cm. A 
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precision translation stage was used to control the distance between the lenses, which directly 

affected the self-focusing characteristics of the femtosecond (fs) beam.  

Filament plasma generation and LAMIS isotope signal detection took place at 36 m. Gold coated 

mirrors were used to fold the laser beam in order to extend the beam path within the limited 

laboratory space available (18 m) for the beam propagation. It is important to note that the beam 

was folded before the filament was formed. Any interaction of the filament itself with a mirror 

would lead to its inadvertent ablation and damage. Using this configuration, we generated a 36 m 

beam path for the filament propagation and for detection. The graphite sample was placed on a 

rotational stage to assure reproducible ablation of the sample. The optical emission from the 

plasma was also collected at 36 m from the filament-induced plasma with a 20” Dobsonian 

Telescope, coupled to a fiber optic cable, to direct the plasma emission to a spectrometer (Isoplane 

320, Princeton Instrument) with an intensified charge coupled device (ICCD, Princeton 

Instruments) detector. The spectrometer was equipped with a 1800 lines/mm grating, and the 

spectral resolution was 0.04 nm. All experiments took place in air at atmospheric pressure. 

Amorphous carbon powder enriched with 99% 13C (97% pure, Cambridge Isotope Laboratories) 

was mixed with natural abundance graphite powder to obtain 1.1%, 4.1% and 6.2% 13C abundance 

samples after pressing them into pellets. A silicon wafer was used to characterize the filament-

induced ablation craters formed. This surface is atomically flat and therefore serves as an ideal 

material to precisely measure the filament ablation crater properties. The number of femtosecond 

filament pulses interacting with the material surface was controlled by an electromechanical 

shutter (Uniblitz Electronic). White light interferometry (Zygo Corporation) was used to measure 



6 

 

the crater diameter, depth and volume. Furthermore, the surface morphology of the craters was 

studied using bright-field optical microscopy (BX51, Olympus Corporation).  

 

3. Results and discussion 

3.1 Prediction and control of the filament initiation distance 

The first part of this study focused on optimization and control of the filament propagation and 

initiation distance in order to maximize the LAMIS isotopic signatures at 36 m. Typically, the self-

focusing distance of femtosecond laser pulses in air can be from centimeters to several meters and 

strongly depends on the laser pulse duration, energy and beam spatial characteristics such as 

focusing [5]. Additionally, atmospheric turbulence, pressure gradients, and the presence of 

different gases in its path can affect the filament propagation, as well as the energy conditions for 

filament seeding.  

In order to control the filament initiation distance and filament length for any given pulse duration 

and laser energy, we incorporated a custom designed beam expander. Estimation for the effective 

filament initiation distance (f'’) for a beam expander comprising two optics of any type is provided 

by Equation 1 for an initially collimated beam [7]: 

                          �′ =  � + �� 
�	
������� ��	
������������ ��	
���                    (1) 
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Where, f1 and f2 are the focal lengths of the beam expander lenses, and d the distance between the 

lenses.  Zsf  is the distance at which a filament is generated under the effect of Kerr self-focusing 

given by the Marburger formula (Equation 2) [8]: 

                 ��� = �.������
�� !!"��.#$�%���.��&'

               (2) 

Here k is the wave number and a is the laser beam radius at 1/e. P and Pc are the peak and critical 

peak power of laser, respectively.  

Using this formula we calculated the appropriate beam expander characteristics to form a stable 

filament-induced plasma at 36 m. The laser pulse was stretched to 150 fs and the repetition rate 

was set at 200 Hz. These conditions provided a peak power of about 35 GW that is greater than 

the critical power of 5 GW necessary for filamentation [7]. The length of the filament was 

approximately 5 m. The beam expander was then fine-tuned by monitoring the plasma to get the 

most intense emission from the graphite sample.   

 2.2 Femtosecond filament-induced surface modification  

Figure 2 shows white light interferometry of a typical crater generated with a single laser pulse at 

36 m on a silicon wafer. The 2D surface map is shown in  Figure 2a, where the color scale 

represents the crater depth. While the diameter of the crater is in the order of hundreds of microns, 

the depth is only a few nanometers. Specifically, Figure 2b shows the crater cross section with 

dimensions of  363 ± 10 μm in diameter, 5.1 ± 0.4 nm in depth and 471 ± 13 µm3 in volume.  

Similar results were obtained with ablation of GaAs [23]. The estimated fluence was 5 J/cm2 with 
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approximately 1.1 ng of removed material based on a Si 2.33 g/cm3 density. Accumulation of 

material was observed in the center of the crater, which may be attributed to melt propagation and 

hydrodynamic motion of liquid Si prior to solidification in high fluence regimes  [24]. A secondary 

ring is noticed outside the crater, with a radius of about 500 μm from the center. This ring is almost 

at the same height as the substrate, and is most likely attributed to localized lower fluence oxide 

formation. This is because the filament core and energy reservoir (where the majority of the 

filament energy is contained) are further surrounded by the less intense portion of the beam that 

contains the remaining energy [23].  Figure 3 shows optical microscopy images, demonstrating 

shot-to-shot ablation on the silicon surface. Spreading of the ablation area is observed with 

increasing number of filament pulses. This increased area is attributed to the pointing stability of 

the filaments in air [10,25], which leads to ablation at sightly different locations on the sample 

with consecutive pulses, resulting to a larger overall filament-material interaction area. The 

filament pointing stability is influenced by a number of parameters, including the pulse-to-pulse 

stability of femtosecond laser beam itself, the filament launching optics, and the propagation 

medium. For example, atmospheric conditions such as turbulence and pressure gradients can also 

affect the filament pointing stability. 

 

 

3.3. Remote Isotope Measurements 

Molecular carbon emission was measured to demonstrate the capability of F2-LAMIS at long 

distances. The samples were isotopically enriched 13C graphite samples. The study of 13C is 

important to climate change, coal combustion and plant research.  
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We optimized the experimental conditions to obtain 13C isotopic information from the graphite 

samples.  The Swan C2 and violet CN systems were selected for analysis [3,17-20].  Figures 4 (a-

c) show the CN molecular band progression using the graphite samples. The vibrational bands 

corresponding to the violet system (B→X; Δν=1, Δν=0 and ν=-1) are clearly visible. Figures 4 

(d-f) show part of the C2 emission Swan system for (B-X; Δν=1, Δν=0 and Δν=-1). All these 

spectra are well resolved and can be used for F2-LAMIS analysis. The detection gate was set at 

0.1µs delay time with a 0.5 µs gate width. The laser repetition rate was set at 200 Hz, with a total 

accumulation of 1200 pulses/per spectrum (or 6 s/spectrum). The plots shown in Figure 4 are the 

average of 50 spectra acquired over a total time of 5 min.   

Quantification in LAMIS (or LIBS) generally requires matrix-matched standards to get a 

prediction model. However, standards are not available real-world in remote sensing applications. 

An alternative approach for quantification is to use a spectral fitting algorithm to determine the 

13C abundance with LAMIS [20]. The rotational and vibrational energy levels of a molecule 

change when replacing an atom with its isotope. A direct consequence of this, is a change in the 

corresponding emission wavelengths. This allows isotopes of molecules such as C2 and CN to be 

determined from molecular spectra. A computed synthetic spectrum was obtained based on 

comparing experimentally measured intensity with calculated line intensity for each line position, 

assuming the existence of thermal equilibrium among rotational and vibrational states.  Details of 

this algorithm can be found elsewhere [20].  

Figure 5 shows the molecular spectra of the CN violet system (B→X; Δν=-1, Figure 5a), and C2 

Swan system (B→X; Δν=1, Figure 5b) and (B→X; Δν=-1, Figure 5c) using graphite samples 

with varying 13C abundance from 1.1% to 6.2 %. These three molecular systems showed a 
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significant signal response with the increase of 13C concentration. Out of those, the C2 Swan system 

at 474.45 µm was selected for quantification using spectral line fitting. This band has the best 

sensitivity for the 13C12C isotopologue with the minor isotope shifted to red and minimal spectral 

interference with 12C12C bands.  

Figure 6 presents the spectral measurements of the 13C/12C isotopologue in graphite samples 

having 1.1% to 6.2 % 13C abundance. The figure shows experimental and fitted spectra using the 

algorithms we previously developed for carbon [17].  The abundance calculated using the synthetic 

spectra shows fairly good agreement with the reference values, with relative bias ranging from 

0.9-10% (Table 1). The fitted spectra provide a rotational temperature around 4600 K that is 

comparable to the previously reported 3870-4125 K range obtained using the Boltzmann plot 

method for the C2 swan system in graphite samples [26].   

 

Conclusion 

We demonstrated the use of F2-LAMIS for the remote detection and standardless quantification of 

isotopes from solid samples at a distance of 36 m. These measurements represent the longest 

distance so far reported for isotope detection with this technology. Control of the femtosecond 

filament and plasma generation was achieved by combination appropriately selected spatial, 

temporal and energy characteristics of the femtosecond laser, and was guided by theory followed 

by experimental optimization. The characteristics of the filament-induced ablation crater were 

studied in detail and demonstrated that the interaction depth was of the order of only a few 

nanometers per pulse. The molecular emission from isotopically enriched carbon samples served 
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as the basis for the F2-LAMIS isotopic measurements. Spectral fitting enabled measurement of  

the13C/12C isotope ratio without the use of calibration standards. The characteristics of this system, 

such as relatively low pulse energy, portable spectrometer, and fast isotopic signature acquisition 

time underline the potential of this technology for field applications. The ability to not only detect, 

but also quantify isotopic ratios at varying low isotopic abundances opens the possibility for the 

use of portable F2-LAMIS systems for routine isotope ratio measurements in a number of remote 

sensing applications. 
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Figure 1.  Experimental set up for long distance F2-LAMIS measurements. 
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Figure 2. White light interferometry of Si craters obtained using one femtosecond filament 

pulse. (a) 2D surface plot of the crater morphology and (b) cross-sectional profile at 

the center of the filament. The color scale in (a) represents the ablation depth. 
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Figure 3.  Surface morphology of craters formed on a Si wafer at 36 m by femtosecond laser 

filamentation with (a) 6, (b) 12 and (c)100 pulses. The filament pointing stability is 

shown by multiple femtosecond filament ablation spots on the Si surface obtained with 

consecutive number of pulses.  
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Figure 4.  CN and C2 molecular emission  from femtosecond filament plasmas at 36 m. (a-c) the 

CN  B→X; Δν=1, Δν=0 and ν=-1 systems and (d-f)  C2  emission  B-X; Δν=1, Δν=0 and 

Δν=-1. Figures show the average of 50 spectra, each obtained with 1200 pulses at 200 

Hz. 
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Figure 5.  Molecular carbon emission and LAMIS spectra of graphite for different 13C abundance 

samples using femtosecond filaments at 36 m. a) CN violet system of B→X; Δν=-1. b-

c) C2 spectra of B→X; Δν=1 and B→X; Δν=-1. Figures show the average of 50 spectra, 

each obtained with 1200 pulses at 200 Hz. The insets correspond to the area indicated 

by the circle.  
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Figure 6. Experimental and simulated F2- LAMIS of  C2 using Swan Δν =+1  system.  The 13C 

reference isotopic abundances were 1.1, 4.1 and 6.2%, respectively. Figures show the 

average of 5 spectra obtained with 1200 pulses at 200 Hz. The error in the predicted 

abundance was obtained with ten replicates of the experimental spectra.  
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Table 1.  13C isotopic abundance for isotopically enriched graphite samples. Reference values, 

predicted values by standardless approach using simulated spectra, and relative bias. 

13C  Reference Value,  % 13C Predicted Value, % Relative Bias,% 

1.11 1.1  ±  0.2       -0.9 

4.11 3.7  ±  0.3  - 10.0 

6.21 6.0  ±  0.4 -   3.9 

 






