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Laser Induced Breakdown Spectroscope (LIBS)  
instrument flown in Chandrayaan-2 mission to the 
Moon, is one of the scientific instruments on the  
Pragyaan rover. It is primarily developed to carry out 
in situ investigations for the elemental composition 
study of lunar regolith and pebbles on the Moon  
surface in a previously unexplored high latitude area 
in the southern polar region. A pulsed laser source, a 
set of optical lenses and mirrors, an aberration-
corrected concave holographic grating and a linear 
detector, are the principal electro-optical accessories 
of the instrument. The developed LIBS is a light-
weighted (~1.1 kg) and low power consuming (≤1.2 W) 
compact instrument. This paper presents the system 
engineering and development aspects of the LIBS in-
strument along with results from environmental tests. 
Performance evaluation of the instrument during end-
to-end testing is satisfactory and within desired speci-
fications. Details on ground calibration techniques 
used to evaluate the instrument capability are also 
presented. 
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TO understand solar system bodies like planets, Moon 

and asteroids, it is essential to determine their chemical 

composition. One of the most fundamental pieces of  

information about any planetary body is the elemental 

composition of surface materials, since such studies of a 

planet’s surface or interior, permits characterizing the 

present/past conditions under which minerals were formed. 

Understanding the origin and evolution of our natural  

satellite, the Moon, has been a long-standing scientific 

goal. The surface of the Moon is blanketed by a thin layer 

of weakly-cohesive detrital materials (regolith or soil) 

comprising rock fragments, mineral grains and glass 

particles. The chemistry and mineralogy of the lunar soils 

primarily reflect the composition of the underlying  

bedrock. Significant insights on the lunar regolith forma-

tion can be obtained by comparing chemical composi-

tions of soils from widely-separated landing sites or  

from geologically distinct areas around a single site. The 

elemental composition of soil is anticipated to vary in  

abundance across surface locations and also with soil  

depth. 

 Localized mineral mapping depends heavily on landers 

and rovers on planetary bodies and demands specialized 

instruments. Alpha proton X-ray spectrometer (APXS) 

and X-ray fluorescence instruments are often used for 

surface chemistry investigations in past and current space 

exploration missions1,2. Though these experiments have 

space heritage, some have extended requirements of long 

integration times (several hours) per measurement and 

proximity access to the sample (the sensor is taken close 

to sample or the sample is brought close to the  

instrument). Such limitations can hamper scientific return 

from a mission. There are clear advantages to techniques 

that could overcome such limitations and enhance  

scientific returns. Laser Induced Breakdown Spectro-

scopy (LIBS)3,4, technique has unique potential as a  

planetary surface exploration tool5–9. The LIBS method is 

a spectro-chemical technique that can provide elemental 

composition of samples, regardless of their physical state. 

The laser is a fundamental tool for this technology, which 

produces the induced plasma from which information on 

the material composition through its atomic emission 

spectrum is obtained. Remote or close-range analysis is 

possible by this technique since the focused laser spot can 

be directed to a target at a considerable distance from the 

rover to produce the excited plasma. This method offers 

several advantages over conventional methods, namely: 

(i) rapid multi-element detection; (ii) sensitivity in parts-

per-million range; (iii) no or very little sample prepara-

tion; (iv) remote access to the sample; (v) top layer dust 

removal and (vi) limited depth analysis. To date, this  



RESEARCH ARTICLES 
 

CURRENT SCIENCE, VOL. 118, NO. 4, 25 FEBRUARY 2020 574 

method been used for numerous applications in diverse 

fields such as mining, archaeology, painting analysis,  

metallurgy, military, avionics and space applications. 

‘Chemcam’ onboard the ‘curiosity’ rover, is the first 

space-based LIBS instrument that was flown to Mars and 

is currently functional in providing remote sensing data 

on the composition and elemental abundances of Martian 

rocks and soils10,11. The second instrument that was built 

on the LIBS technique was flown to the Moon in  

India’s second lunar mission, Chandrayaan-2, which was 

launched on 22 July 2019. 

 Chandrayaan-212,13, in addition to having an orbiter 

spacecraft as in Chandrayaan-1 mission14, will orbit the 

Moon in a circular orbit at an altitude of 100 km. It  

carries a lander craft (Vikram), which will soft land at a 

pre-determined lunar site15 and deploy a six-wheel rover 

(Pragyaan) to perform investigations on the lunar surface 

in a previously unexplored high latitude region in the 

southern polar region. Various payloads are developed 

for accommodation on the orbiter spacecraft, the lander 

and the rover, to study the geochemistry and mineralogy 

of the Moon, which will aid the scientific community to 

unravel and further the current understanding of the  

evolutionary history of our natural satellite. The rover 

carries two scientific instruments, namely, the LIBS and 

the APXS for chemical analysis of the lunar surface. De-

sign, development and testing of the LIBS instrument was 

undertaken by the ‘laboratory for electro-optics systems 

(LEOS)’, a key laboratory of the Indian Space Research 

Organisation. 

 The developed LIBS16,17 instrument at LEOS is the first 

one to be flown to the Moon to carryout in situ/close-

range measurements on Moon surface. LIBS comprises a 

compact (~0.027 litres) nano-second pulse duration laser 

source emitting at 1540 nm wavelength with 0.4 MW 

peak power, which further in combination with a focusing 

optics unit (FOU), produces the power density in the 

range of few GW/cm2 to cause surface ablation and  

plasma generation. A two-fold path collection optics unit 

(COU), collects the light during plasma decay and an  

in-house developed spectrograph unit realized on flat-

field spectroscopy technique18,19, spectrally disperses the 

collected light towards a one-dimensional linear charge 

couple device (CCD) that records the signal. The record-

ed signal is fed to a processing unit that processes and 

displays the data as a spectrum. The major constraints 

and challenges faced and overcome during instrument  

design and development phases are: low lunar surface 

temperatures that may range from –60°C to –90°C  

(depending on the landing latitude and season), pre-

defined investigation height of 205 mm, overall instru-

ment width not >80 mm, weight of ≤1.2 kg, operating 

temperature range of –20°C to +55°C, storage tempera-

ture range of –40°C to +70°C and spectral resolution of 

less than a nanometer. System engineering and instru-

mentation aspects of the instrument are explained in  

detail in the next section. To validate the LIBS design 

and to ensure its successful operation onboard Chan-

drayaan-2 rover, several instrument-level and integrated 

tests with the rover are devised and performed. These 

tests include a performance evaluation plan to verify  

correct ‘end-to-end’ system operation, performance  

evaluation and instrument calibration. These tests are 

aided to provide information associated with operational 

peculiarities of the LIBS instrument, which is vital for the 

checkout of the instrument to rover interface. Two mod-

els of instrument are being developed, namely, QM (qua-

lification model) and FM (flight model). The QM is used 

to qualify the unit for flight environment (as defined by 

ISRO) and later used for ground simulations, while the 

FM, subject to ISRO norms for acceptance is integrated 

into the FM rover. Calibration experiments employing 

diverse standard and certified reference soil powder  

samples that vary in elemental compositions were carried 

out under vacuum pressures of ~2 × 10–7 torr to investi-

gate the elemental abundance determination capability of 

the instrument. Figure 1 depicts the three-dimensional 

Unigraphics (3D-UG) structural model of the rover along 

with the LIBS instrument that is depicted as mounted at 

the rover bottom chassis. Figure 2 shows the LIBS-QM 

unit. Salient features of the LIBS instrument are summa-

rized in Table 1, whereas the sub-systems level engineer-

ing design parameters and specifications are listed in 

Table 2 in the later section. 

Science investigations 

The primary scientific objectives of LIBS instrument are 

to identify and derive abundance of elements that are 

 

 

 
 

Figure 1. Three-dimensional unigraphics rover model with LIBS  
located beneath the chassis. 
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Table 1. Salient features of the laser induced breakdown spectroscope instrument 

Parameter Specification 
 

Instrument to surface distance (ITSD) 205 mm ± 8 mm 

Pointing direction Lunar surface 

Angular field-of-view ±3° 
Spectral range 220–800 nm 

Resolution ≤1 nm 

Spot size (diameter) at ITSD ~100 μm 

Weight ~1.1 kg 

 

Power 

 Steady state 1.19 W 

 Peak (laser ON) 10.42 W (for 20 shots at 5 Hz repetition rate) 

Volume (L × W × H) 180 mm × 150 mm × 80 mm 

Operating temperature –20°C to +55°C 

Storage temperature –40°C to +70°C 

 

 
 

Figure 2. Developed LIBS-qualification model. 
 

commonly found in lunar rock-forming minerals, i.e. O, 

Na, Mg, Al, Si, K, Ca, Fe, Cr, Mn, Ti, etc. and the detec-

tion of volatile and trace elements (H, C, N, S and P) in 

the vicinity of the landing site. These observations could 

enable investigation of hydrates and organic content in 

sampling area by analysing H, C, N and O emission  

line characteristics. In addition to the above-mentioned 

science goals, LIBS measurements acquired by the  

rover at each mobility stop will address the local compo-

sitional heterogeneity. These measurements along with 

data from other instruments on Chandrayaan-2, can  

collectively aid in enhancing insight into the petrology at 

the landing site. 

Principle of operation and operational modes 

LIBS instrument built on the technique of laser-induced 

plasma generation, uses a focused laser pulse as the ener-

gy source to ablate the sample. In this light-matter inte-

raction process, the sample surface gets heated, melted, 

vapourized, atomized and ionized. An intense plasma 

plume that comprises excited atoms, ions, electrons and 

neutral atoms is generated as a result of high laser power 

deposition on the sample. After a short relaxation time of 

typically about few tens of microseconds20, these excited 

species will de-excite to lower energy states by emitting 

their characteristic electromagnetic radiation. The emitted 

electromagnetic radiation is collected and fed to a spec-

trometer that contains a dispersive element to diffract the 

received radiation into discrete wavelengths. The dis-

persed light then impinges onto a light-sensitive detector 

that yields the output response as a function of wave-

length. Peak wavelengths of emission lines in the record-

ed spectrum disclose element identification, while the 

background subtracted line intensity aid in determination 

of the elemental abundance. 

 LIBS instrument can function in two operational  

modes, namely ‘multiple shot capture (MSC)’ and ‘single 

shot capture (SSC)’. In ‘MSC’ mode, multiple laser  

shots impinge on the sample and the plasma emission is 

acquired either after the last laser shot or after each laser 

shot. Plasma emission capture after the last laser shot will 

aid in analysing dust covered samples, whereas the latter 

will be used to acquire multiple spectra at the same inves-

tigation site that help to improve the analytical precision. 

The ‘SSC’ mode is similar to ‘MSC’ mode except for the 

fact that here, the ‘number of pulses’ is always ‘1’. In 

these two operational modes, plasma emission spectrum 

will be captured after the background signal acquisition 

(no-laser fire/dark light condition). 

Instrument overview and system engineering 

Theoretical estimations (related to elemental ablation  

kinetics and emissivity estimations) that drove the  

instrument baseline configuration are published else-

where21. We carried out studies related to estimation of
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Table 2. LIBS instrument design parameters and specifications 

Entity Parameter Value (SI units) 
 

Laser source Type Diode pumped solid state  

 Energy 3–4 mJ 

 Pulse duration 7 ns 

 Wavelength 1540 nm 

 Beam diameter 0.8 mm 
 

Focusing optics unit Type Fixed focus lens system 

 Lens material N-BK7 

 Focal length 200 mm 
 

Collection optics unit Type 2-Fold lens-mirror geometry  

 Entrance pupil diameter  37 mm 

 Application range 220–800 nm 

 Material Fused silica, MgF2 and sapphire 

 Optical gain 0.65 
 

Spectrograph unit Type Flat-field 

 Spectral range 190–800 nm 

 F# 2.2 

 Slit type Air precision slit etched on a SS-thin metal sheet 

 Slit shape, dimension Rectangular, 50 μm (w) × 500 μm (l) 

 Grating type Aberration corrected concave holographic 

 Detector type UV-enhanced linear CCD 

 Number of pixels 2048 

 Pixel size 14 μm (w) × 200 μm (l) 
 

Main base structure material Mg-alloy 

Opto-mechanical mounts material Ti-alloy 

Tele-command interface 16-bit serial data 

 

 

 
 

Figure 3. System architecture and block diagram. 

 

minimum laser threshold intensity/power density for 

breakdown and vapourization, mass of the evaporated  

material, ablation depth, plasma emissivity, signal-to-noise 

ratio estimations and spot size requirement at the defined 

investigation distance, etc. These aided optimizations of 

the laser source, grating, detector and further guided the 

design of efficient focusing and collection optics modules 

for the LIBS instrument. Figure 3 presents the LIBS sys-

tem architecture with the block diagram showing subsys-

tems. As shown in Figure 3, the LIBS instrument suite 

consists of three major units: (i) Ablation Unit-AU,  

(ii) Plasma Emission Detection Unit-PEDU and (iii) 

Processing Unit-PU. The ‘AU’ comprises a compact  

laser source operating at 1540 nm wavelength with pulse
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Figure 4. Ray trace diagram of focusing optics unit (FOU); inset figures: irradiance distribution within 
the resulted spot and developed FOU module. 

 

 

 
 

Figure 5. Ray trace diagram of collection optics unit (inset: resultant spot size at the image plane). 

 

 

energy of 3.5 mJ and 7 ns pulse duration. This laser pulse 

is diverted to the FOU via a fold mirror to generate the 

desired power density (~6 GW/cm2) for target surface  

ablation and plasma generation from a distance of 

205 mm. The ‘PEDU’ includes the COU (an optical unit 

having 3–lenses and 2-mirrors) and a spectrograph unit 

(SU). Light emission from the decaying plasma is  

collected by the COU and is analysed using a miniatu-

rized, high resolution and high sensitive SU. The SU, is 

an indigenous development that was realized using an  

aberration-corrected concave holographic reflection  

grating (spectral range: 190–800 nm, F# 2.2), a rectangu-

lar slit (of width 50 μm and length 500 μm) and a linear 

CCD as detector (2048 active elements). The ‘PU’  

decodes the tele-command received from the rover, trig-

gers laser drive electronics, captures and processes the 

CCD image. The realized PU, controls and monitors  

numerous operating and functional parameters such as 

pump pulse current, pulse repetition rate, number of 

pulses, integration time, delay time, mode of operation, 
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etc. in order to acquire effective spectral signatures from 

target surfaces. These three major units of LIBS instru-

ment are housed to a black anodized main base structure, 

made of Mg-alloy. The most challenging aspect of the 

system design and engineering was to realize the fully  

integrated instrument within the available volume and 

permissible weight by the mission as mentioned in Table 1 

and to meet the system performance requirements. Table 2 

lists sub-systems wise design parameters and specifica-

tions of the LIBS instrument. 

 As shown in the ray trace diagram of the FOU in  

Figure 4, the first two lenses of FOU expand the incoming 

laser beam, whereas the third lens converge the expanded 

beam to the required spot size at the ITSD. Inset figures 

presented on the top-left hand side of Figure 4 show the 

irradiance (watts per mm2) distribution within the resul-

tant spot size at the image distance along with developed 

FOU module. Figure 5 presents the ray diagram of the 

COU from which it is evident that the three lens elements 

serve the purpose of collection and focusing of the  

plasma emission at the entrance slit of the SU, while the 

two-fold path geometry-based mirror system aids in steer-

ing the collected radiation into the slit path. The inset  

picture of Figure 5 presents the spot diagram generated 

by the COU at the image plane. Figure 6 shows three-

dimensional mechanical structural model of the in-house 

developed SU having electronics cards wrapped around 

its supporting structure. As shown in the figure, the slit is 

positioned at the focus of the rear optics of COU and the 

CCD is placed in the focal plane of the grating. A 16-bit 

serial data command pattern is implemented in the 

processing logic unit to control diverse operational para-

meters and modes of LIBS instrument, suiting onboard 

operational requirements. Following the development of 

AU, PEDU and PU, the integrated LIBS system is subse-

quently tested and flight qualified. 

Performance and functional testing 

LIBS payload was subjected to functional, environmental 

(thermo-vacuum cycling test, thermal soak test, vibration 

test, shock test) and end-to-end tests both at the instru-

ment and after integrating on to the rover. 

Functional testing 

Instrument response tests are carried out employing two 

different kinds of light sources; a discrete light emission 

source (Hg–Ar lamp) and a continuous emission source (a 

halogen lamp). Figure 7 shows the bench-top test-setup 

that was established to evaluate the integrated LIBS  

functionality and performance for the known source 

emission radiation characteristics. The test setup shown 

in Figure 7 has also been used for the spectrometric  

calibration of the system whose output aids in obtaining 

the correlation between pixel numbers and wavelengths. 

In addition to the above two tests, plasma emission  

spectrum from a thin aluminium sheet is captured and its 

spectral signature is compared from initial to final bench 

test phases. The achieved spectral resolution from these 

measurements is found to be 0.78 ± 0.2 nm and the  

instrument is observed to be functional for the desired 

spectral band of 220–800 nm. 

Environmental testing 

LIBS instrument functionality and performance are  

further evaluated by subjecting the payload to rigorous 

environmental test conditions. Figure 8 shows the cartoon 

diagram of the realized test set-up to evaluate the perfor-

mance during thermo-vacuum cycling test phase. As 

shown in the figure, the integrated instrument is fixed to a 

300 mm length vertical stainless-steel rod and mounted 

onto a common metallic base plate comprising a moto-

rized xy-translation stage equipped with a sample holder  

 

 

 
 

Figure 6. 3D-Mechanical structural design of spectrograph unit. 
 

 

 
 

Figure 7. Spectrometric calibration test set-up. 
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Figure 8. Cartoon diagram of performance evaluation test set-up during thermo-vacuum cycling phase. 

 

 

 
 

Figure 9. Hg–Ar source emission spectrum as recorded by the  
LIBS (red: background, blue: unprocessed data; green: background 
subtracted data). 
 

 

 

plate. Pressed powder discs of soil samples are placed in 

the sample holder for performance evaluation in vacuum 

environment. The instrument is powered ON continuously 

for several thermal cycles at –20°C and at +55°C with 

cycle durations of 2 h (short cycle) and 24 h (long cycle). 

To prevent corona and to ensure reliable operation, the 

instrument was soaked in vacuum (3 × 10–5 torr) prior to 

power ON. Measured functional and performance test  

parameters are well within specification tolerance limits. 

Instrument is subjected to vibration for qualification  

levels, which involve mechanically induced frequency 

sweeps at levels of 18.1 g in x, y and z-axis (random  

vibration) and 20 g in x, y and z-axis (sine vibration). The 

LIBS-QM unit is further subjected to the ‘shock test’ for 

700 g amplitude level in frequency range of 1000–

5000 Hz in all 3-axes. Post shock test performance is  

satisfactory. After the completion of functional and envi-

ronmental tests, LIBS is integrated to the rover and tested 

successfully for mechanical, electrical and data interfaces. 

Pre-flight calibration and data processing 

LIBS instrument calibration addresses qualitative and 

quantitative aspects. As shown in Figure 7, the spectral 

calibration of the instrument is carried out by acquiring 

the radiation emitting from a standard Hg–Ar calibration 

lamp, whose spectral signature and peak emission wave-

lengths are known. The initial lamp spectrum that was 

acquired by the LIBS is a plot of instrument response 

versus pixel number. Peak centroids (pixel numbers) of 

emission peaks of the acquired lamp spectrum and known 

 

Figure 10. Spectrometric calibration generated Hg–Ar source emis-
sion spectrum (inset: raw data spectrum). 
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peak emission wavelengths from the lamp reference spec-

trum, are used to find correlation factors to convert the 

pixel number into wavelength. Multiple regression analy-

sis method was adopted to find correlation factors to  

relate the pixel number to wavelength. Figure 9 shows a 

ladder plot comprising the dark spectrum, the raw data 

spectrum (not corrected for background) as captured by 

the LIBS and the processed lamp emission spectrum  

corrected for the background. Figure 10 shows the post-

spectral calibration processed lamp emission spectrum as 

a function of wavelength (inset shows the uncalibrated 

spectrum). Calibration experiments to address elemental 

abundance estimation are carried out employing nearly 60 

standard/certified reference materials and chemical ana-

logues to lunar soil in a 0.25 metre ultra high vacuum 

chamber. A consistent database was generated from these 

experiments and calibration curves for selected elements 

of interest were generated to retrieve abundance. Figure 11 

presents the background subtracted and baseline cor-

rected plasma emission spectrum (captured in vacuum 

 

 

 
 

Figure 11. LIBS spectrum of JSC-1A sample pellet with elements 
detected. 

 

 

 
 

Figure 12. Calibration curve of ‘Mg–I’ for 280.93 nm emission line. 

pressure of ~3 × 10–10 torr) of the pressed powder disc 

made from the lunar regolith simulant (JSC-1A)22 sample. 

Labels of emission peaks in the spectrum represent  

elements that were detected, while ‘I’ and ‘II’ indices 

mentioned next to the element name indicates the ioniza-

tion state of the element (I for neutral atomic state, II  

for 1st ionization state and so on). Qualitative analytical 

capability of LIBS instrument has been cross-verified 

with the data obtained from another analytical technique, 

i.e. the energy dispersive X-ray spectroscope and compar-

ison of data statistics have shown high elemental identifi-

cation capability of LIBS instrument. Figure 12  

shows the calibration curve generated for the element 

‘magnesium’ at peak emission wavelength of 280.93 nm 

along with the theoretical fit realized by means of a  

univariate analytical approach (i.e. log–log linear regres-

sion). The maximum percentage of error obtained in  

abundance estimation is 5. 

Conclusion 

The LIBS instrument developed based on the laser-

induced plasma spectroscopy technique is the second one 

flown onto any other planetary body and would be the 

first one on the Moon. This instrument, in particular, is 

suited to carryout in situ chemical analysis of planetary 

surfaces owing to its simultaneous multi-element rapid 

detection capability and thus enhanced efficiency in the 

limited operational lifetime of a rover. The combined  

requirement of operating an instrument in an ultra-high 

vacuum environment and low temperature conditions and 

other design constraints, has contributed to the complexi-

ty of the system engineering and design. The developed 

instrument has been successfully qualified for space use; 

functionality and performance has matched the desired 

specifications in all aspects and is well calibrated on 

ground following the standard techniques and procedures. 

Performed experiments on geochemical standard and  

certified reference material samples in ultra-high vacuum 

environment and adopted data analytical approaches have 

shown high elemental detection capability. The maximum 

percentage of uncertainty in abundance estimation is 

≤5%. Application of other data analytical approaches like 

PLS, CF-LIBS, etc. are currently in progress to improve 

the quantitative analytical accuracy. 
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