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ABSTRACT 

NASA has developed a new laser beam pointing technology for use in space optical communications. With further 

development, possible applications include communications from the Earth to spacecraft in Earth orbit and in deep 
space, such as at the moon and Mars. A possible application is to the Artemis Program for CubeSats in low-Lunar Orbit 

(LLO). Current architectures use dynamical systems, (i.e., moving parts, e.g., fast-steering mirrors (FSM), and/or 

gimbals,) to turn the laser to point to the ground terminal and possibly use vibration isolation platforms (VIP). This 

patented technology from NASA Ames uses a combined lens system and a vertical-cavity surface-emitting laser 

(VCSEL)/Photodetector Array. This static system has the potential to replace the current dynamic systems and VIP, 

dependent on studies for the particular application. Laser beam pointing is very challenging for low-Earth Orbit (LEO), 

including science missions. Computer simulations using this design have been made for an application to a CubeSat in 

LEO. 
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INTRODUCTION 

This invention provides a new method for optical data transmissions from satellites using laser arrays for laser beam 
pointing. The system is simple, static, compact, and provides accurate pointing, acquisition, and tracking (PAT). It 

combines a lens system and a vertical-cavity surface-emitting laser VCSEL)/Photodetector Array, both mature 

technologies, in a novel way for PAT. It can improve the PAT system's size, weight, and power (SWaP) in comparison 

to current systems. Preliminary analysis indicates that this system is applicable to transmissions between satellites in 

low-Earth orbit (LEO) and ground terminals. Computer simulations using this design have been made for the 

application of this innovation to a CubeSat in LEO. The computer simulations included modeling the laser source and 

diffraction effects due to wave optics. The pointing used a diffraction limited lens system and a VCSEL array. These 

capabilities make it possible to model laser beam propagation over long space communication distances. Laser beam 

pointing is very challenging for LEO, including science missions. Current architectures use dynamical systems, (i.e., 

moving parts, e.g., fast-steering mirrors (FSM), and/or gimbals) to turn the laser to point to the ground terminal, and 

some use vibration isolation platforms as well. This static system has the potential to replace the current dynamic 

systems and vibration isolation platforms, dependent on studies for the particular application. For these electro-optical 
systems, reaction times to pointing changes and vibrations are on the nanosecond time scale, much faster than those for 

mechanical systems. For LEO terminals, slew rates are not a concern with this new system.[1,2,3] 

With declining costs of space launches due to advances in launch vehicles reusability, the number of satellites in Earth 

orbit is likely to increase significantly over the coming years as space becomes more easily accessible and more widely 

exploited for commercial applications. As the density of satellites in orbit increases, the risk of collisions increases 

along with it. It is all but inevitable that more collisions will occur in the future, necessitating the development of 

effective, feasible and scalable debris remediation to ensure the long-term safety of the space environment in Earth 

orbit. 
Satellite collisions (such as the Iridium-Kosmos collision of 2009), or the testing and eventual use of anti-satellite 

weapons - which have seen relatively frequent testing in recent years - result in the production of large numbers of 

debris fragments. Over moderate timescales, these spread into shells due to precession of the nodes (Pardini and 

Anselmo, 2011). Due to extremely low atmospheric density, debris orbits decay very slowly, with many fragments of 

the aforementioned Iridium-Kosmos collision still persisting in orbit some 13 years later. In the extreme, these debris 

shells have the potential to render their orbital altitude bands completely unusable for satellites, and also highly 

dangerous for launch vehicles to traverse until the shell naturally deorbits. For higher orbits, this is particularly 

concerning as the atmospheric drag is even weaker, and fragments take even longer to deorbit due to natural processes. 

In the event of such a high-altitude collision, active removal would likely be necessary to clean up the orbital region 

due to the longer lifetime. However, the large number of fragments produced means that any proposed mitigation 

strategy which involves rendezvous, capture, and deorbiting would be impractical due to the huge propellant 
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expenditure required for hundreds or thousands of orbit-matching maneuvers. Such strategies are better suited for the 

removal of larger, uncontrolled objects such as defunct satellites or spent upper stages. Very few strategies have been 

proposed which have the capability scale to large numbers of fragments, which is necessary to clean up the result of a 

collision if prevention is impossible.[4,5,6] 

Lasers enable the ability to transfer small amounts of momentum to an object at a distance, provided sufficiently 

powerful optics are available to track the fragment and allow accurate laser pointing, all without any need for orbit-

matching maneuvers. Photon pressure has been proposed in multiple mission concepts as a means to apply a small 

perturbation to fragment orbits, potentially reducing the collision risk with another space object. One such example is 

LightForce (Yang et al., 2016), which employs multiple ground-based continuous-wave (CW) lasers which illuminate 
the target fragment over multiple overhead passes, compounding the along-track displacement. Mason et al. 

(2011) proposed another photon pressure-based concept for collision avoidance using a laser on the ground, and 

showed that collision risk could be substantially reduced using such an approach. Such ground-based strategies require 

that the fragments are large or bright enough to track optically from Earth’s surface at distances above approximately 

500 km. Additionally, these ground-based strategies have typically relied on multiple engagements with individual 

fragments to increase the displacement, which of course requires knowledge of the objects’ orbits to re-engage at a later 

time.[7,8,9] 

Space-based platforms are able to circumvent some of the limitations of ground-based systems. Their advantages 

originate primarily from the lack of atmospheric attenuation, shorter distance to target (resulting in less beam 

divergence and higher fluence), particularly for those higher orbits in which the lifetime is long, and the possibility of 

for better alignment between the negative velocity vector and the applied Δv vector. Ground-based platforms suffer 
from a tradeoff between better beam alignment with the retrograde direction, and atmospheric depth traversed causing 

greater attenuation: when the fragment is near the horizon the beam is best-aligned, but also traverses the most 

atmosphere and longest distance, causing a far lower surface fluence. Additionally, ground-based platforms which 

require precise focussing must deal with complications due to atmospheric turbulence. However, since the size, weight 

and power restrictions are far more generous for ground-based systems, these disadvantages may be offset by simply 

constructing more powerful lasers. Vasile et al. (2010) proposed and modelled the use of both surface ablation and 

photon pressure from solar concentrators with a space-based platform which follows the targeted piece of debris. This 

work showed the capability of such a system to lower debris orbits from 800 km to 200 km in a few hundred days of 

operation, from where natural decay would fully remove the fragments. 

Surface ablation is an alternative mechanism to photon pressure whereby an object’s orbit may be influenced by a laser. 

Of the debris remediation strategies using ablation, L’ADROIT (Phipps, 2014) is one of the most well-developed 

space-based concepts, employing a single large satellite in an elliptical polar orbit between 560–960 km. L’ADROIT is 
in some respects similar to the concept proposed in this paper, utilising an opportunistic interaction strategy with 

passing fragments rather than targeting specific fragments whose orbits are known a priori. This paper builds on the 

L’ADROIT concept in several ways. Firstly, the altitude range targeted by L’ADROIT, as will be discussed in this 

paper, already has a relatively short natural lifetime for small fragments, making the potential return on 

investment limited - this paper instead targets higher orbits with a longer natural lifetime. Secondly, the analysis 

simplified the effects imparted Δv misalignment with the negative velocity vector, which this paper attempts to model 

in more detail.[10,11,12] 

This paper will present an analysis of the use of photon pressure and ablation from one or more space-based platforms, 

first for debris removal and then for collision avoidance. The key contributions of this paper which distinguish this 

work from previously mentioned space-based concepts like L’ADROIT (Phipps, 2014) and the work of Pieters and 

Noomen (2014) are the following. Firstly, a high-fidelity model of photon pressure and ablation was used to 
characterise the impulse transferred in a given interaction, rather than relying on simplifying assumptions. Secondly the 

proposed mission utilises a constellation of satellites rather than a single station. Thirdly, rather than following the 

debris and illuminating it continually as was proposed by Vasile et al. (2010), this concept uses short, opportunistic 

interactions with passing fragments. Finally, photon pressure was investigated as a means of debris remediation, from 

the aforementioned space-based platform. 

This paper is an extension of previously published work by the authors (Walker and Vasile, 2015, Walker et al., 2015), 

in which this concept was initially introduced. This work builds on these papers in several ways - firstly by including 

analysis on the off-axis component of transferred momentum and its implications for beam tracking, secondly by 

extending the analysis of the collision avoidance scenario to include the expected encounter rate between a single 

object and satellites in a 10-satellite constellation. Finally, it adds new analyses on the effects of extreme laser fluence 

on the attitude motion of illuminated fragments to determine if objects tend towards an orientation that reduces the net 

momentum transfer. 
We first present an overview of the mission concept, and some initial analyses on orbital lifetime to justify a choice of 

altitude at which to focus the concept. Then, a process for generating orbital elements of a debris shell is described in 
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Section 3, and the process of orbital propagation, encounter identification and downselection of candidate encounter 

events is described in Section 4. Section 5 describes the high-fidelity models of momentum transfer via photon pressure 

and ablation, and Section 6 presents the results of the full 10-year mission simulation for both cases. Following this, 

Section 7 discusses and simulates an adaptation of the concept to the goal of collision avoidance in the case of photon 

pressure, and finally Sections 8 Effect of laser illumination on debris attitude, 9 Lateral movement of fragments during 

ablative interaction analyze the effects of the laser interaction on debris attitude and lateral movement with respect to 

the beam axis.[13,14,15] 

Mission concept 

The proposed concept is as follows. The targeted population of debris is those fragments in the sub 10 cm size range - 

those which are both numerous and often too small to be accurately tracked from Earth. A small constellation of 

satellites is inserted into a shell around the Earth such that the constellation has access to all longitudes. The target 

altitude would be chosen such that the satellites reside close to an altitude band which is particularly debris-dense. To 

mitigate the obvious collision risk of operating satellites in proximity to large numbers of debris, an orbit slightly 

higher than the peak of debris density may be chosen. Also, as will be discussed, this concept relies on optical 

tracking of fragments by on-board optics, and it is thus conceivable that an orbital catalogue of the debris shell may be 

built up over time, allowing for collisions to be anticipated and avoided. 

Each satellite carries two primary instruments: a camera for acquisition and tracking of debris fragments, and a high-
power laser, which is used to impart momentum to passing fragments. The scenarios of both CW and pulsed-mode 

lasers, using photon pressure and ablation respectively, is simulated. 

Due to the high power consumption of the laser system combined with an expected low overall duty cycle, the laser is 

to be powered by a battery bank onboard the spacecraft, with sufficient capacity to power typical interaction events, 

and sufficiently-sized solar arrays to fully recharge in the typical duration between consecutive encounters. This battery 

bank and solar array could also serve to power low-thrust electric propulsion for orbit maintenance or adjustments, 

prolonging the lifespan of such satellites and enabling transfer to different orbits as needed. 

The camera continually scans the sky in a cone behind the spacecraft, searching for fragments inside its field of 

view (FOV). When a fragment is identified, the laser is steered onto the target fragment to initiate an interaction, and 

tracks its movement across the sky. The aperture diameter of the lasers used in this concept is 20 centimetres to reduce 

the mass of the steering related components and overall optical system. No prior knowledge of the fragments’ orbits is 
assumed as the premise of the concept is to be able to interact with small, untrackable fragments. Thus, fragments are 

acquired and interacted with opportunistically, as they pass through the camera’s FOV.[16,17,18] 

An additional use of the camera which is not studied here is to reconstruct the orbits of the debris fragments that are 

encountered. Since this concept is aimed at smaller, untracked fragments, this data alone provides valuable information 

relating to collision risk and avoidance and could enable better cataloguing and collision prediction with small 

fragments. 

Beyond the power system, no detailed attempt to estimate the size and mass of the individual spacecraft is made, 

however it is expected that these would be of the small-sat class, between 100 and 300 kilograms each. To launch a 

constellation of one hundred 300 kg satellites, two Falcon 9 launches would be required (SpaceX, 2015), costing $100 

million with reused boosters. This assumes onboard electric thrusters are used to transfer from the delivery orbit to the 

operational orbit. 

Since the net velocity change from photon pressure based interaction is expected to be small, an initial study was 
performed to assess the lifetime impact of small impulsive Δv applications at varying altitudes to better target a given 

altitude band. Since lower fragments naturally deorbit more quickly, it is expected that more meaningful lifetime 

reductions could be achieved for higher orbits. However, as the orbit gets higher, the spatial density of debris and the 

subsequent interaction rate would lower for a roughly uniform shell. Thus this class of mitigation strategy should be 

targeted at orbits that are high enough to have relatively long lifetimes, while not being so high that the interaction rate 

becomes very low. 

Orbits are propagated in this paper using a tool developed at the University of Strathclyde called CALYPSO (Di Carlo 

et al., 2015). CALYPSO propagates orbits semi-analytically, taking into account perturbations including atmospheric 

drag, third body and J2-J4 perturbations. However, for the sake of computational efficiency, orbit propagations in this 

paper are performed with drag as the only perturbation. This is a limitation of this study as the combined effect of zonal 

harmonics and light pressure would change the revisit time and also the eccentricity of the orbits of the fragments. For 
modelling atmospheric drag, the volume, size and area-to-mass ratio (AMR) from a 3D model of a 2 cm aluminium hex 

nut are used to represent debris fragments. The AMR of this 3D model is 0.3391. This coincides approximately with 

the peak of the distribution of the catalogued debris from the Iridium-Cosmos collision (Wang, 2010) and thus is a 
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reasonable representation of a typical fragment produced in such a collision. The same 3D model is also used when 

simulating the laser momentum coupling. 

Circular orbits of varying altitudes, inclined at 45 degrees were propagated until reentry. An initial impulsive Δv was 

applied in the negative velocity direction ranging from zero to 50 ms−1. 

The effects on the time-to-reentry . It can be seen that, for higher orbits, a given Δv application results in a larger 

absolute lifetime reduction, as expected. For lower orbits, the reduction becomes less meaningful - for example for 

700 km altitude, the expected lifetime is already under 10 years, so smaller Δv interventions may only reduce a 

fragment’s life by a few months at best. For a 1200 km orbit, a smaller Δv has a more significant impact, with only 

10 ms−1 reducing lifespan by over 10 years[19,20,21] 

 

DISCUSSION 

The combination of coherent light, such as that of a laser, and the stringent requirements to implement new 

technologies in space allows for several applications in optical communication, illumination, target designation, and 
active remote sensing to demonstrate unprecedented results compared to previously used technologies. Moreover, the 

scientific advances of laser emitting technologies allow for the implementation of new devices and applications. In the 

past, only giants, such as the National Aeronautics and Space Administration (NASA), the Soviet Union (now Russia), 

the European Space Agency (ESA) and, more recently, the Japan Aerospace Exploration Agency (JAXA), China, and 

India, had the capacity to launch technology into space. Israel has now also entered the race, as have private companies, 

such as SpaceX, Virgin, Blue Origin, and SpaceIL. The recent boom of micro and nanosatellites, with volumes as small 

as one litre and weights below 1.5 kilograms [1], has enabled new actors to launch new devices into space [2] for Earth 

observation, communication, Internet of Things (IoT), and geolocation, among others [3]. Due to the market demands 

and new active players, the number of devices deployed in space is rising significantly. For example, the UK alone 

plans on launching 2000 small satellites by 2030 [4]. Thanks to the intrinsic advantages of photonic applications 

(bandwidth, mass, power consumption, and immunity to electromagnetic interference), many of the new deployments 
in space will include many new laser devices [5]. In this publication, we will review the principal laser-based photonic 

applications for space, focusing on their technological aspects. 

Laser Devices 

The first successful use of a laser for a space experiment was registered on 9 May 1962, as part of the Laser 

Lunar Ranging experiment [6]. Since the laser device was located on the Earth’s surface, it did not need to fulfill 

additional specifications required for space flights, such as mechanical stability, thermal shocks, and radiation 

resistance.[22,23,24] 

The story of laser operation in space started in 1971, when the Apollo 15 carried what would be the first laser 
outside Earth, a flash-lamp-pumped Q-switched Ruby laser built by the RCA Corporation and used for the Laser 

Altimeter experiment [7]. The first diode-pumped solid-state laser (DPSSL) to be sent into space was delivered in 1992 

and launched as part of the Mars Orbiter Laser Altimeter (MOLA) in 1996; the laser used an Nd:YAG crystal as the 

active medium [8]. In November 2001, the use of semiconductor laser technology in space was reported for a direct 

laser application rather than pumping, when the world’s first laser-based optical data link connected the Artemis 

satellite from the ESA with the Centre National d’Études Spatiales (CNES) Earth observation satellite SPOT 4 [9], 

using GaAlAs laser diodes emitting at 0.8 μm. It is also worth highlighting the first laser pulse emitted on a planet 

surface other than the Earth on 19 August 2012, by the laser integrated in the ChemCam device installed on the 

Curiosity Mars rover, which used an Nd:KGW crystal DPSSL [10]. 

The constraints associated with laser operation in space are different from those in terrestrial applications. Thus, 

the lasers suitable for space applications need to present specifications, such as long lifetime, high efficiency, low 

susceptibility to optical misalignment and contamination, and unattended operation, among others. The best laser has to 

be selected depending on the requirements of the application and environment. Wavelength, repetition rate, peak 

power, pulse length, flexibility, maintainability, manufacturing cost, and operating cost are important parameters to 

take into account, but the environment is also essential, depending on whether the laser will be in the low atmosphere, 

in deep space, near the sun, or on another planet. 

The following subsections will address the most commonly used types of lasers suitable for space deployment, 

together with some of their specifications, applications, and examples of real-life deployments. 
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Semiconductor Lasers 

Semiconductor lasers have been studied and used for years in space applications. Some of their main advantages 

include operation under direct current injection, which provides high electrical to optical power conversion efficiency, 

but also long lifetime and high output power. Although their divergence, beam quality, and intensity noise are not 

suitable for all applications, they are also the preferred pump element for solid-state lasers (SSLs) and fibre lasers since 

their wavelength can be slightly tuned to achieve optimum absorption of the laser media, making them the cornerstone 

for laser technologies used in space applications. Many materials are being used, such as GaAs, InGaAs, InP, and 

InGaAsP. The two most common types of semiconductor laser are the edge-emitting laser (EEL) and the vertical-cavity 

surface emitting laser (VCSEL).[25,26,27] 

Edge-Emitting Laser (EEL) 

EELs are the most common semiconductor laser devices. Thanks to their diode junction structure, these devices 

can transform electrical energy into light. Apart from SSL pumping, they are mostly suited to applications, such as 

information relay (inter and intra satellite), matter light interaction (spectroscopy and pyrotechnics), planetary 

exploration and monitoring, metrology, and sensors [11]. Some direct applications for which they are being used 

include, for instance, the autofocus system of the ChemCam laser [12] or the rendezvous sensor for the docking of the 

European Automatic Transfer Vehicle to the International Space Station (ISS) [13]. EEL have already been deployed in 

satellites, in deep space, and also on the Martian surface. 

Vertical-Cavity Surface-Emitting Laser (VCSEL) 

The VCSEL differs from the EEL in its manufacturing process but, more characteristically, in its beam emission. 

The output laser beam of a VCSEL is emitted perpendicular to the top surface. Due to the differences in the 

manufacturing and packaging processes, the devices have to be independently qualified for the missions. Moreover, 

VCSELs require less electrical power due to their low threshold. Already in early studies, VCSELs were identified as 

good candidates for space applications. Carson [14] , reported that, although several factors must be taken into account 

to optimise VCSEL lasers for space applications, they display better radiation resistance than their EEL counterparts. 
LaForge et al. [15], described in detail the possibility to use VCSELs as space multi-processors, as well as the issues 

they may exhibit when exposed to radiations. The publication focused on the implementation of devices for satellite 

missions in different orbits. Moreover, Ellmeier et al. [16], demonstrated the functionality of VCSELs in harsh 

environmental conditions, such as low vacuum. The aim of this last work was to demonstrate that these devices could 

be used in space missions, such as JUpiter ICy Moon Explorer (JUICE) 2014, where the devices must be operative for 

about 17 years and support severe amounts of radiation. Similarly, Chaudron et al. [17], presented in their study of 

1550 nm VCSEL devices the effects of temperature on different parameters of the optical device performances, such as 

optical output power, threshold current, and relative noise intensity. 

Solid State Laser (SSL) 

In this review, most of the SSLs that we will discuss are pumped by semiconductor diode lasers (DPSSL). SSL 

present several advantages over semiconductor laser, such as beam quality and the possibility to allow for extra 

versatility by reaching wavelengths and/or output powers which are not easily achieved by semiconductor 

lasers.[28,29,30] In addition, short pulses can be emitted, for instance, through Q-switching, which are commonly used 

in range-finding applications. The space applications in which DPSSL lasers are used include Light Detection and 

Ranging (LIDAR) and spectrometer devices. An example of the former application would be the GEDI (Global 

Ecosystems Dynamics Investigation Lidar) instrument, developed for NASA’s Earth Venture Instrument (EVI) space 

program, which uses a version of the High Output Maximum Efficiency Resonator (HOMER) laser, an Nd:YAG 

crystal side-pumped by seven, 4-bar G-package laser diode arrays [18]. An example of the latter application would be 

the ESA/ROSCOSMOS ExoMars 2015 mission to Mars, that includes a Raman Laser Spectrometer (RLS) instrument 
whose excitation source is an intracavity frequency-doubled DPSSL emitting at 532 nm, pumped by a CW (continuous-

wave) Q-mount diode emitting at 808 nm [19]. 

RESULTS 

Fiber Lasers 
The development of fiber optics technology for telecommunications have resulted in new devices, including 

novel optical sources, which have also been beneficial for space applications. Some of the most interesting aspects for 

space applications include standard benefits, such as high power, cost, beam quality, and efficiency, but also more 

space-relevant improvements, such as unattended operation, compactness, low susceptibility to optical misalignment 

and contamination, thanks to their monolithic structure, low sensitivity to environment changes, and high reliability. 

Space-qualified pump and seed laser sources are also available for this technology. NASA has already demonstrated its 
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relevance for remote sensing and laser altimeters, but other applications include LIDAR, metrology, 

telecommunications, and automated planetary rovers [20]. 

In 2009, the first fiber laser was launched into space within the Fiber Sensor Demonstrator for ESA’s Proba-2 

satellite. One of the aims of this mission was to demonstrate the reliability of a full fiber-optic sensor network in space 

The device included a fiber laser that could sweep the wavelength range from 1520 to 1560 nm. The systematic 

monitoring of the demonstrator showed that seven years after the launch, the system was still working as expected [21]. 

Other Types of Laser Sources 

Other types of lasers have been studied for space applications, such as gas, dye, and chemical lasers, but they 

present more difficulties to be adapted to space environments [11]. Common drawbacks include short lifetime and poor 

radiation resistance [22]. In particular, excimer lasers have lifetimes of less than 100 h due to the degradation of the gas 

charge, and ion lasers’ lifetime is less than 1000 h. Dye lasers are not robust and suffer from a low efficiency, and 

chemical lasers, such as hydrogen fluoride (HF) lasers, have short lifetimes limited by the fuel charge [23]. Variations 

of the lasers described in the current section might become relevant for space applications in the future, such as 
Quantum Dot semiconductor lasers, disc lasers, or photonic crystal fiber lasers. Lasers pumped by other means are also 

being studied; for instance, a solar-pumped laser was demonstrated in 1966 [24] and such devices have been considered 

since by both NASA [25] and ESA [26], as they would be extremely relevant in the space environment, although the 

deployment is not yet realistic due to the low maturity level of such devices.[31,32,33] 

Lasers in Space 

Science 

Although recent applications have been focused towards industrial usage of space technologies, several under 

way deployments are still catering to scientific purposes, aiming at increasing the knowledge regarding the history of 

the universe and the discovery of traces of potential life. In the following section, we will be addressing scientific 

objectives, before discussing more pragmatic matters, such as industrial application of space technologies. 

Remote Sensing (LIDAR) 

Earth Observation 
The observer effect is a well-known physics phenomenon that states that observation of an experiment can alter 

some of its parameters, so remote, non-interfering characterization techniques can provide better objective information. 

In the same way, observing the Earth from space can provide better perspective, additional information, and a more 

global vision to study our planet. New services and information channels can be developed to solve challenges, such as 

deforestation, climate change effects, and pollution, as well as enable more sustainable processes for precision 

agriculture, fleet management optimisation, tree-harvesting, construction, and even mining, which can help humans live 

in better harmony with the planet. Thanks to recent improvement in satellites and the development of micro- and nano-

satellites, it is now easier than ever to send experimental devices to orbit the Earth. Many examples of laser photonic 

devices and missions that have successfully studied our planet evolution from space have been reported, although the 

most common example is the space-based LIDAR, which sends laser pulses to the target surface and analyzes the 

reflected signal  

The early laser LAser GEOdynamic Satellite (LAGEOS) NASA mission was launched in 1976. It was the first 

satellite dedicated exclusively to high-precision laser ranging, a passive experiment with ground emitter/receiver laser 

devices that could improve the current knowledge of our planet’s shape, and paved the way for the next satellite 

missions [28]. The mission had resemblances with the first 1962 Lunar Laser Ranging experiments, in terms of 

shooting at an object with a ground laser beam and waiting for the response signal. The results obtained using the 

orbiting mirror helped to prepare for future medium orbit satellite missions. It was followed in 1992 by the LAGEOS-2, 

which was designed by the Italian Space Agency, based on the original LAGEOS design.[34,35,36] 

NASA launched the LIDAR In-space Technology Experiment (LITE) mission on the Discovery Space Shuttle in 

September 1994 to validate key LIDAR technologies for spaceborne applications. LITE operated with a two-lasers 

system providing redundancy in case one laser failed, emitting at three wavelengths (1064 nm fundamental, 532 nm 

second harmonic, and 355 nm third harmonic) from an Nd:Cr:YAG laser crystal pumped by two flash lamps [29]. 

The BALKAN instruments were launched by Russia in 1995 and were also based on flash lamp pumped 

Nd:Cr:YAG crystals, frequency doubled in order to use the 532 nm wavelength [30]. 
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In 1996 and 1997, the Shuttle Laser Altimeter experiment produced laser altimetry and surface LIDAR data as 

results of the test flights for transition of the technology to low Earth orbit [31]. The lasers on both flights were copies 

of the MOLA laser and, as such, were based on a passively switched Nd:Cr:YAG crystal producing 10 pulses per 

second with energies of 40 mJ and width of 10 ns at 1064 nm [30]. 

The ESA Envisat 2002 mission studied ocean and atmospheric chemical and physical composition, Earth 
topography, and the ice sheets, among other [32]. The mission could acquire data of about 4.6 Mbps that was later 

communicated through an X-band direct link to the ground [33]. The Envisat European mission is considered the 

predecessor of the Sentinel missions that are currently being deployed.[37,38,39] 

The Geoscience Laser Altimeter System (GLAS) Laser Transmitter, launched in 2003, was an Earth observation 

LIDAR whose main objective was the study of the Earth ice sheet mass. The device contained the first passively Q-

switched, master oscillator power amplifier (MOPA) that worked in space, representing a one order of magnitude 

power improvement over the MOLA laser system [34]. The device designed with three redundant laser units produced 

a laser output of 75 mJ at 1064 nm with a repetition rate of 40 Hz, pulse width smaller than 6 ns, and they emitted just 
under 2 billion shots before the mission was completed in 2011 [35]. This output was used for altimetry. The lasers also 

simultaneously emitted at 532 nm pulses with 30 mJ energy, used for cloud and aerosol lidar [36]. 

In 2006, NASA launched the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) instrument inside the 

Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) mission, jointly with the French 

National Centre for Space Studies (CNES). The objective was to provide new insight into the role that clouds and 

atmospheric aerosols, such as airborne particles, play in regulating the Earth’s weather, climate, and air quality [37]. 

CALIOP used two redundant Q-switched Nd:YAG lasers, and used three receiver channels, one at 1064 nm and two at 
532 nm, measuring orthogonally polarised components of the backscattered signal. A pulse energy of 110 mJ per 

channel was used, at a 20 Hz repetition rate [38,79,80,81]. 

The ESA Sentinel missions started in 2014 with the launch of Sentinel-1A and will continue delivering 

monitoring satellites for at least another half a decade. The satellites battery includes different optical devices from 

mission control devices to Earth monitoring, through communication devices that study tectonic plates, the oceans, and 

emissions of gases, among others [39]. 

The Cloud-Aerosol Transport System (CATS) mission, which was launched in 2015, was installed on the ISS and 

used a two-laser LIDAR system, each of the lasers operating at three wavelengths (1064, 532, and 355 nm), to provide 

vertical profiles of atmospheric aerosols and clouds [40]. A ring oscillator design was selected and the pulse widths 

were, respectively, 8.2 ns and 5.3 ns at 1064 nm, with a pulse energy of 3 mJ [41]. 

The ESA Aeolus mission, originally planned to be launched in 2008 and mainly aimed at studying global wind 

profiles, will help improve significantly the weather forecasts. The mission, finally launched in 2017, uses a 355 nm 
UV pulse laser emission, resulting from frequency-tripling of a diode-pumped Nd:YAG crystal in a lithium triborate 

(LBO) crystal, to study the atmosphere composition and evolution [42]. 

In 2017, NASA also launched the ICESat-2 mission that includes an Advanced Topographic Laser Altimeter 

System (ATLAS) mostly used to study the ice-sheet topography. The ATLAS included two lasers and a MOPA able to 

deliver a pulsed beam frequency doubled to 532 nm through second harmonic generation, with a 1 ns full width at half 

maximum (FWHM) pulse width and 10 kHz repetition rate, split into six beams to create a pattern for better resolution 

of the application [43]. 

Water, mineral, and underground natural resources detection are studied in the GRACE-FO NASA mission 

launched in 2017 [44]. Laser ranging interferometry (LRI) is used to continuously measure the distance between the 

two satellites flying together. The acceleration and deceleration of the two separate bodies will provide information on 

gravitational changes, helping to understand the underground surface composition [45]. 

The Global Ecosystem Dynamics Investigation (GEDI), launched in December 2017, also participates in the 

Earth Observation effort by providing high resolution laser ranging of Earth’s forests and topography from the ISS. The 

device employs three laser transmitters emitting at 1064 nm at a 242 pulses per second repetition rate [46]. 

Other Solar System Targets 

Similar devices to those described in the previous section have been successfully sent to study other bodies in our 

solar system. We highlight here some of these devices that have been sent to the Moon, Mars, and Mercury, among 

other targets.[40,41,42] 

http://www.ijarasem.com/
https://www.mdpi.com/2410-390X/3/3/50#B31-instruments-03-00050
https://www.mdpi.com/2410-390X/3/3/50#B30-instruments-03-00050
https://www.mdpi.com/2410-390X/3/3/50#B32-instruments-03-00050
https://www.mdpi.com/2410-390X/3/3/50#B33-instruments-03-00050
https://www.mdpi.com/2410-390X/3/3/50#B34-instruments-03-00050
https://www.mdpi.com/2410-390X/3/3/50#B35-instruments-03-00050
https://www.mdpi.com/2410-390X/3/3/50#B36-instruments-03-00050
https://www.mdpi.com/2410-390X/3/3/50#B37-instruments-03-00050
https://www.mdpi.com/2410-390X/3/3/50#B38-instruments-03-00050
https://www.mdpi.com/2410-390X/3/3/50#B39-instruments-03-00050
https://www.mdpi.com/2410-390X/3/3/50#B40-instruments-03-00050
https://www.mdpi.com/2410-390X/3/3/50#B41-instruments-03-00050
https://www.mdpi.com/2410-390X/3/3/50#B42-instruments-03-00050
https://www.mdpi.com/2410-390X/3/3/50#B43-instruments-03-00050
https://www.mdpi.com/2410-390X/3/3/50#B44-instruments-03-00050
https://www.mdpi.com/2410-390X/3/3/50#B45-instruments-03-00050
https://www.mdpi.com/2410-390X/3/3/50#B46-instruments-03-00050


 International Journal of Advanced Research in Arts, Science, Engineering & Management (IJARASEM) 

                                                        | ISSN: 2395-7852 | www.ijarasem.com | Impact Factor: 4.271 |Bimonthly, Peer Reviewed & Referred Journal| 

         | Volume 5, Issue 3, May 2018 | 

IJARASEM © 2018                                                        |   An ISO 9001:2008 Certified Journal   |                                             938 

 

The first topographic mapping of the Moon from orbit was performed by Apollo 15 in 1970, which was then 

extended by the Apollo 16 and Apollo 17 missions. The lasers were flash-lamp pumped based and mechanically Q-

switched with a ruby laser emitting at 694.23 nm with a pulse energy of 200 nJ and a pulse width of 10 ns [35]. In 

1994, the Clementine mission was launched, which mapped the surface of the Moon over a period of more than two 

months. It carried on board a compact, lightweight, diode-pumped Nd:Cr:YAG laser, emitting pulses of 180 mJ energy 

and 10 ns width at 1064 nm. The Q-switching was performed by a Lithium Niobate[76,77,78] (LiNbO3) crystal-based 

Pockels cell [47]. SELENE, also known as Kaguya, was a Japanese mission launched in 2007 that orbited the Moon for 

more than one and a half years and surveyed it with LIDAR technology using an Nd:YAG laser with 100 mJ output 

power at 1064 nm, a pulse width of 15 ns and a repetition rate of 1 Hz. The Q-switch was also performed actively by a 
LiNbO3-based Pockels cell [48]. China also created a lunar exploration program called Chang’E. The first mission was 

launched in 2007 and the lunar surface was mapped between November 2007 and July 2008. The laser specifications 

were similar to those of previous missions, with an output wavelength of 1064 nm emitted from a diode-pumped 

Nd:YAG crystal actively Q-switched with a potassium dideuterium phosphate (KD*P) crystal. The energy emitted was 

150 mJ per pulse and a pulse width of less than 7 ns at repetition rate of 1 Hz [49]. A similar laser was used for the 

Chang’E-2 mission launched in 2010, but with a repetition rate of 5 Hz. The resolution of the measurements was 

increased to achieve a 5 m vertical accuracy [50]. In 2008, India launched its first lunar probe called Chandrayaan, 

equiped with the Lunar Laser Ranging Instrument (LLRI) that mapped the surface topography using a Q-switched 

Nd:YAG laser at 1064 nm with a pulse energy of 100 mJ and a pulse width of 15 ns. The active Q-switching was also 

performed by an LiNbO3 crystal [30]. The NASA Lunar Orbiter Laser Altimeter (LOLA) was also launched in 2008, 

one of its objective being the validation of technologies for following missions to the Moon. It uses a DPSSL with an 
Nd:Cr:YAG slab with passive Q-switch and a cross-Porro resonator configuration working at 1064 nm, 28 Hz 

repetition rate and about 3 mJ at 5 ns for the both mounted redundant lasers [51,52]. 

The NASA DPSSL for MOLA was launched in 1996 with the objective of studying the Martian topography. The 

mission used a diode-pumped, Nd:Cr:YAG zigzag slab, cross-Porro, electro-optically Q-switched laser transmitter. The 

laser design parameters were 40 mJ energy with pulse width of 10 ns and repetition rate of 10 Hz, although the 

experimental data was closer to 45 mJ with pulses of 8 ns width [53]. In 2008, the PHOENIX lander, equipped with a 

LIDAR system, reached Mars. The dual wavelength Nd:YAG laser it carried was capable of delivering pulses with 

energies of 30 mJ at 1064 nm and 40 mJ at 532 nm after frequency-doubling in a KTP crystal with a pulse width of 15 
ns at a repetition rate of 100 Hz provided by a saturable observer. The apparatus was used to study the Martian 

atmospheric dust, clouds, and precipitations, such as ice, fog, and snow [54].[73,74,75] 

The Mercury Laser Altimeter (MLA) on board of the NASA mission MErcury Surface, Space ENvironment, 

GEochemistry, and Ranging (MESSENGER) launched in 2004 is a passive Q-switched LIDAR laser operating with 5 

ns and 20 mJ laser pulses at a 8 Hz rate used to gather topographic information of the planet. In this case, the 

configuration used a similar zigzag slab design, although in other aspects, its design had a direct linage from the GLAS 

laser passively Q-switched DPSSL [52,55]. The BepiColombo mission, launched in 2017 and set to build on the 

achievements of the MESSENGER mission, incorporates a space-qualified miniaturized laser operating at 1064 nm and 
a repetition rate of up to 10 Hz, based on a Q-switched Nd:YAG rod oscillator pumped by two semiconductor diode 

lasers [56]. 

A 1064 nm Nd:Cr:YAG laser rod pumped by a gallium arsenide laser diode array was used as one of the 

principal components for the Near-Earth Asteroid Rendezvous (NEAR) laser ranging investigation launched in 1996 by 

the NASA, which observed the asteroid 433 Eros between 2000 and 2001. A laser pulse width of 12 ns was achieved at 

1064 nm using an Nd:YAG laser crystal, with an energy per pulse of 15 mJ [57]. [70,71,72]In 2003, Hayabusa 1 was 

launched by JAXA to study the Itokawa asteroid. The LIDAR system was used in rendezvous and approach phases of 
the mission, but also provided important surface information of the asteroid itself. The spacecraft was equipped with a 

laser altimeter system based on a diode-pumped, [43,44,45]Q-switched, single-mode Nd:Cr:YAG emitting 8 mJ energy 

pulses at 1064 nm, with pulse widths of 14 ns and a repetition rate of 1 Hz through the use of Lithium Niobate Pockels 

cell [58]. The laser for the following Hayabusa 2 mission was developed based on the lasers for Selene and Hayabusa 

1, but the output pulse energy was increased to 15 mJ and the pulse width reduced to 7 ns [59]. Hayabusa 2 was 

launched in 2014 and rendezvoused in 2017 with the asteroid Ryugu. NASA’s Origins Spectral Interpretation Resource 

Identification Security–Regolith Explorer (OSIRIS-REx) mission was launched in 2016 to study the asteroid Bennu. It 

was equipped with the also called OSIRIS-REx Laser Altimeter system which is currently performing LIDAR 

measurements to provide high resolution topographical information of the asteroid. Two different Nd:YAG lasers 

operate at 1064 nm: a low-energy source operating at 10 kHz with a 10 μJ per pulse that can be used for rapid time-of-

flight imaging down to 225 m and a higher-energy source emitting 1 mJ pulses at 100 Hz repetition rate to scan the 

asteroid at distances between 7.5 km and 1 km from the surface [60]. The OSIRIS-REx mission also plans to bring 
small samples from Bennu back to Earth. Finally, NASA’s JUICE mission, which will be launched in 2014 to study the 
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icy moons of Jupiter (Ganymede, Callisto, and Europa), will also use two cold-redundant, transversely-pumped, 

actively Q-switched Nd:YAG rod laser emitting 17 mJ pulses at a repetition rate of 30 to 50 Hz with a pulse width of 

5.5 ns and a wavelength of 1064 nm [61]. The design of the whole LIDAR system is based on the designs of the 

Kaguya and Hayabusa missions, as well as that of the BepiColombo Laser altimeter. 

The examples above illustrate how a demonstrated and qualified laser configuration can be replicated with small 
updates to adapt the device to the specific requirements of following space missions in order to guarantee their 

success.[46,47,48] 

Spectroscopy 

Spectroscopy is a very common analytic technique that can be used to probe the composition of an object. 

Thanks to the electromagnetic radiation emitted from a body, the resulting spectrum can be analyzed to infer the 

physical properties of that object, such as chemical composition, mass, and temperature. This emission signal can be 

amplified by exciting the target with the energy of a source. Both passive and active spectroscopy are useful in a wide 

range of scientific and industrial applications, but also in space applications where they have allowed, for instance, to 
confirm the expansion of the universe [62]. Many different types of excitation sources can be used for active 

spectroscopy, such as light bulbs, flash lamps, ion, electron, or X-ray beams, although a number of spectrometers rely 

directly on Solar light, such as the devices used in the Chandrayaan missions. Spectroscopy is also commonly used to 

study astronomical bodies and samples in laboratories. Here, we will concentrate on the space application of 

spectroscopy techniques that rely on lasers, such as Raman Spectroscopy and Laser Induced Breakdown Spectroscopy 

(LIBS). 

In 2011, NASA sent the Curiosity Rover to Mars, which contained the ChemCam instrument that could analyze 
targeted samples composition up to 7 m away. The ChemCam LIBS instrument, one of the firsts of its kind launched in 

space, used a 1067 nm laser pulses of ≥10 MW/mm2 generated by an Nd:KGW crystal to create laser-induced 

breakdown, to later analyze the generated plasma thanks to the also incorporated spectrometer device [63]. The future 

NASA 2015 mission to Mars intends to use improved devices, [67,68,69]allowing moreover to search and analyze 

organic compounds. To do so, the SuperCam instrument, apart from being able to perform LIBS analysis, counts also 

with Raman spectroscopy capabilities. To allow for both analyses, the laser device is designed with an Nd:YAG crystal 

instead of an Nd:KGW as its predecessor was [64]. The mission intends also to perform proximity Raman spectroscopy 

using a 248.6 nm beam emitted from a Neon-Copper Transverse Excited Hollow Cathode laser. The latter device will 

be installed in the robotic arm instrument called Scanning Habitable Environments with Raman & Luminescence for 

Organics[49,50,51] & Chemicals (SHERLOC) [65,66,67]. Similarly, the 2015 ESA mission will carry the Rosalind 

Franklin rover, which includes the Mars Organic Molecule Analyser (MOMA) and the Raman Laser Spectrometer 

(RLS) instruments [68]. Both instruments, independently designed and manufactured, are based on different laser 
approaches. The MOMA uses a 266 nm laser with a tunable beam between 35 and 250 MW/cm2 generated from a 

frequency quadrupled beam from an Nd:Cr:YAG crystal [69,70], while the RLS instrument incorporates a DPSSL 

designed with an Nd:YAG crystal emitting an output beam frequency doubled to 532 nm [71]. The rover internal 

laboratories and lasers will analyze samples that will have been previously extracted from the Martian underground 

thanks to a mechanical drill incorporated on the rover. 

Similar laser spectrometer devices will also be deployed in-situ, as, for example, on the Pragyan rover on the 

Chandrayaan-2 mission to the Moon. The mission is planned to be launched in September 2016 and will carry a LIBS 

device with an Yb:Er:Phosphate glass laser operating at a wavelength of 1534 nm, with pulse energies between 2 and 3 
mJ and a pulse duration of 7 ns [72]. Other techniques, such as tuneable laser spectroscopy (TLS), have been used at 

the ISS and also incorporated in Mars missions for atmospheric composition analysis [73]. 

With the astonishing results obtained by the Curiosity mission and the great possibility of being able to analyze 

the composition of planets and space bodies in-situ, the interest of developing new laser spectrometer devices for future 

missions has arisen, such as the Standoff ultracompact micro-Raman sensor developed by Nuril Abedin et al. [74], for 

future planetary surface explorations.[52,53,54] 

Quantum Scientific Technologies 

Scientific experiments addressing quantum physics challenges have also been launched into space. Atomic clocks 

and atom interferometers, which can be used for various space applications, are some of the devices that have been 

tested. Atomic clocks based on laser-cooled atoms are widely used as primary frequency standards and are a key 

component of the Global Navigation Satellite System (GNSS). Atom interferometers are used in applications described 

in the article of Schuldt et al. [75], such as measurements of the Earth’s gravitational field, gravitational wave 

detection, navigation, and tests of the weak equivalence principle.[64,65,66] In the same paper, authors reported an 
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atom interferometer device built with a laser system based on a hybrid approach using fiber-based telecommunication 

components and high-power laser diode technologies, designed in the framework of the space mission Space-Time 

Explorer and QUantum Equivalence Principle Space Test (STE-QUEST). The purpose of this mission is to perform 

quantum experiments to test the Einstein Equivalence Principle to a high precision level, as well as search for new 

fundamental constituents and interactions in the Universe [76]. Similar technologies were demonstrated in the Quantus 

project, and in rocket mission experiments, such as MAIUS and Kalexus. The first cold atom experiment in space was 

reported in 2017 with the Matter-Wave Interferometry in the Microgravity (Maius 1) [55,56,57]mission [77], although 

it only lasted six minutes. The laser module was based on a MOPA configuration where the oscillator was built of a 1 

mm long double quantum well, AlGaAs based ridge-waveguide distributed feedback diode laser emitting at 766.7 nm 
with a linewidth of approximately 1 MHz [78], and where a self-seeded tapered amplifier (TA) was used to generate an 

output power of more than 1 W [79]. The output power emitted through the back facet of the Distributed FeedBack 

(DFB) diode laser was monitored with a photo diode. Nevertheless, there has been some controversy on which 

experiment was performed first, since China started a mission called Cold Atom Clock Experiment in Space (CACES) 

in 2011 that resulted in launching an atomic clock in space in 2016, but the results were only reported one year later. In 

this case, the system used two input distributed Bragg reflector diode laser beams for laser cooling of rubidium [80]. 

The Cold Atom Lab experiment, launched to the ISS in May 2017, was designed and built at NASA’s Jet 

Propulsion Laboratory (JPL). It uses a very complex design based on commercial laser equipment and has successfully 
produced Bose-Einstein Condensates (BEC) of Rubidium atoms in orbit for the first time. Thanks to the microgravity 

conditions of the ISS, the BEC produced are colder and more stable, which should allow to observe new quantum 

phenomena and test fundamental laws of physics which could be applied in quantum detectors, optical clocks, and 

gravity monitoring. The light source consists in external cavity diodes, where a reference laser is used for each species: 

one at 766.701 nm, the other at 780.240 nm. The laser cooling system uses stabilized New Focus Vortex Plus diode 

lasers and New Focus TA-7600 tapered amplifiers [58,59,60] 

CONCLUSION 

Further atomic clock missions in space will include ESA’s Atomic Clock Ensemble in Space (ACES), which has 

been tested and integrated on the payload and will be ready for launch to the Space Station by 2015. The objective is to 

place atomic clocks in orbit and compare their performance to ground clock systems, as well as perform fundamental 

scientific experiments, such as gravitational red-shift and light anisotropy measurements, amongst others [82]. The 

cesium atomic clock system called PHARAO (Projet d’Horloge Atomique Par Refroidissement d’Atomes en Orbite), to 

be deployed within the ACES mission, has been developed by the CNES (Figure 3). The laser source is a commercial 

JDS 5421 master diode laser, based on the extended cavity laser diode (ECLD) concept and emitting 30 mW at 852 nm 

with a linewidth of 100 kHz and a single mode tunability of 1 GHz, that seeds two slave laser diodes for output powers 

of 100 mW [61,62,63] 
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