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Space Laser Altimetry Instruments ~ .. 
Cl t . ICESat/GLAS • Earttj;~~ • 

-"'~"''u - rnoon 
NASA (1971-1972} 
Ruby lasers, 
5,000 shots 

-· .. ~f ......... .,.,. 
~~~· .. ~·- ~ 

emen me - moon . n.l . 
LLNL/NRL (1994) NEARINLR- Eros NASA GSFC (2003- • fJ 
Nd:YAG laser, JHU/APL (1996-2001) MGS/MOLA _Mars Nd:YAG laser 
-12 000 shots Nd:Y~~ laser, NASA GSFC (1996 -2000) 1.98 billion shots 

' 11 m1lhon shots Nd:YAG laser, 
670 million shots 

MESSENGERIMLA - Mercury 
NASA GSFC (2004-present) 
Nd:YAG laser, 

LRO/LOLA - moon 
NASA GSFC (2008-present) 
Nd:YAG laser, 

35 Million shots to date 

SELENEILAL T - moon 
Japan (2007-2009) 
Nd:YAG laser 

Chang'E - moon 
China (2007 -present} 
Nd:YAG laser 

400 million shots to date 

·.a ·t b ·,. fr I: f ; , .r ,-- ·~... . ' 
lh-l~~ ~~•. - ~.~r ~ ~. :. 'liS ~.:::.' q· 
~ ·~ .-·! . k~.· . A.. I _ .. . ~ ·. 

• - ._, .I 

Chandrayaan/LLRI - moon 
India (2008-2010) 
Nd:YAG }aser, 

Current and future missions ..•••. 
BELAIBepiColumbo ­
Mercury, ESA (launch 
tn 2016) Nd VAG laser 

GEDI - Earth NASA GSFC 
(launch 1n :2019) Nd VAG 

. lasara ·--·~·-··-,.. .-·~""'-.... 

ICE5at·21ATLAS - Earth 
NASA GSFC {launch rn 2017) 
Nd 



Geoscience Laser Altimeter System (GLAS) 

GLAS Instrument GLAS Laser Transmitter 

Instrument GLAS 

Mission ICE Sat 

Laser type Cr:Nd:YAG, passive q-switch 

Laser Architecture Porro-Mirror resonator passively Q-switched with two stage amplifiers 

#of lasers 3 

Laser Wavelength A.l 1064.5 run± 100 pm A2 532.2 run ± 50 pm(~ 15 pm single shot) 

Laser pulse energy AI= 75 mJ A2 =35 mJ 

Laser Pulse Repetition Rate 40 ± 0.1 Hz 

Laser Pulsewidth < 6ns 

Laser Beam quality TEMOO 

Laser Divergence 110 llfad (+23, -10) 



Mercury Laser Altimeter (MLA) 

MLA Laser Transmitter - derivative of GLAS 
laser MOPAdesign, 8Hz, 20 mJ 
Detector - same as GLAS, SiAPD 

~V~t:SSENGER . ' ' . . ... . ' .. '' 



• 

Lunar Orbiter Laser Altimeter (LOLA) ·~. 
First multi-beam Space-based Altimeter Instrument /1\ . 
Laser Transmitte~ -Derivative of GLAS Master Oscillatork ~ . :t 

:L 1 LA 

Two lasers on a smgle bench for redundancy ·. . 
260 

~ SJc vetoc•ty 

Receiver- Same as GLAS, MLA - SiAPD .. 



ICESat-2 ATLAS Instrument 

I Multi-beam Micropulse Laser Altimeter 
, • Single laser beam split into 6 beams 

Ground Track and Footprint 

• 1 0 m ground footprints 
.. 6.61 mR 

• (3.3km) 

• 10 kHz rep. rate laser ( --1 mJ) Weak (1) 

• Multiple detector pixels per spot 
• On-board boresight alignment system 
• Laser Reference System gives absolute laser 

pointing knowledge 

(j) 
Strong (4) 

Radiators LRS 

Beam Steering 
Mechanism 

Diffractive 
Optic Element 

Beam Expander 
(BE) 

Telescope 
Alignment 
Monitor 

)I 

• • Weak (1) Weak (1) 

~ @ 
Strong (4) Strong (4) 

Track Direction 

SmR 
(2.5 km) 

Detectors Telescope 
Lasers 



ICESat-2 Flight Lasers 
• Significant increase in laser technology 

compared to previous space missions 
- High repetition rate 

- High power 

- Short pulse width 

- 1012 shot lifetime 

• Frequency doubled Master Oscillator/Power 
amplifier architecture 
- > 1 mJ of 532 nm output at 1 0 kHz. 

• Qualification laser is currently in EMI testing and 
is scheduled to complete testing in by Oct. 

• Flight lasers are on track for delivery in late 
2014. 

.. 



lobal Ecosystem Dynamics Investigation (GEDI) 
Instrument and Missioa Requirements For Carbo• Esti&dion 

r -·--·--;-· .. -
! GEDI Lidar, Class C Mission 

International Space Station (ISS) 
• Platform provides coverage of nearly all tropical 
and temperate forests 
Self-.contained Laser Altimeter 
• 3 lasers produce 14 ground tracks 
• Prec1se ranging, attitude and position sensors 
Active Pointing Control System 
• Provides pointing isolation and enables complete 
coverage of 500 m grid cells 

Pi.tyload 

• 25m rootprinl$ • 14 beams Wl<lr:tfve. pointing 10 • 5ll') mgt1d spacln9 to capture disturtlilllceimp.1CT 

1 
• cancey !KOflle aroJidte !o 1 m en'tl.lre ~IJ!fid!!nt 11'300 lhroughcell • 8iomass ('IT Of ..: 2~ Jl plxei~Pvl>lto a.rrurately 
• geol~tion< 1om for plot • 60 m postirt.g for suff!dt~n I samples estimate emi~oos and ronstr.Jln l\lrt;(l· arN 

-~ calibration along mel: carbon estimates 

The wa'Jeform lidar technique utilized by GEDI Lldar Is the only remote sensing technique that has demonstrated the ability to provide 3-D 
canopy profile tnformation at the required resolution and accuracy across the full range of canopy cover and environmental conditions. 

3x: Beam 
Dither Unit (BDU) 3x HOMER laser 

-· -:! -····~~- . .... ·l . "- j 
PCS 
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High Output Maximum Efficiency. Resonator N 

• MER Laser - A highly efficient, TRL6, solid-state laser transmitter for altimetry and lidar.h\ · 
• Several copies have been produced for TRL advancement. Current systems still operational: 

• HOMER-I - TRL5 sealed unit for lifetest and flight-like components 
• HOMER-2 - TRL6, flight-like processes, environmental and life testing 
• HOMER ETU - flight ready design for ISS, ready for fabrication 

• HOMER Development Goals from 200 I to present: 
tl' • Reduce part count (2/3 reduction from similar systems) 
tl' • Achieve highest reported efficiency. 
tl' • Demonstrate > 1 OB shots ( 5X - 1 OX other systems) 
tf' • Simplify design for reliable assembly. 
tJif • Demonstrate unmatched lifetime. 
tf' • Demonstrate unmatched decay rate. 
tf' • Employ no Beryllium. 
tf' • Survive GEVS vibration and TV AC. 

·--··-·-·· ·· - .. --···- ··---·--
Output power 13 mJ (1 064 nm) in far field central lobe ( @ 15 mJ near 

field ) 

Wavelength 1 064.3 nm +/- 0.2 nm 

Pulse width 1 0 ns +/- 2 ns (FWHM) 

Pulse Repetition Freq. 241Hz 

~Temp range 
(Operating) :1:2"C (recorded at the LOA pedestal base) 

Spatial Mode Single Gaussian spatial mode, radially symmetric (TEMOO) 

Temporal Mode 
Gaussian with trailing edge pulse porch s 2% of pulse peak 
amplitude 

Divergence (after BX) 57.5 mrad +/- 5 mrad (374 km altitude) 

Pointing Jitter Shot to shot jitter (1 sigma) < 5 mrad 

L'fetime per Laser > ~ ~illion Shot @ 35% Duty Cycle over 3 yr Mission 1 (mtntmum) -------·- ----------- - - -

HOMER Flight Transmitter 
Fabrication begins on HOMER ETU, t he tYnal 

generation ofa decade-long HOMER hardware 
evo lutionary process, in Jan Rear W indow for optial 

This unit applies final hardware 
changes learned from the 

HOMER-2 qualification effort; 
(Life test, TVAC, and Vibe). 

health rnonitorins 

Mass- 4.5 q 

--· 

Dr. D. Barry Coyle & Paul R. Stysley I GSFC - Code 554 
barry.coyle@nasa. gov; paul.r .stysley@nasa.gov 10 



GRACE follow-on (Gravity Recovery And Climate Experiment) 

lr!· 



GRACE-FO Laser (Baseline) 

• Non-planar ring oscillator 
(NPRO) Nd:YAG laser provides 
tunability for locking to cavity 

- Laser wavelength adjusted by 
changing dimensions of Y AG 
crystal using PZT glued to crystal 
and thermal adjustment 

• Space-qualified NPRO laser 
available from Tesat Spacecom 

NPRO laser head 

Laser pump diode assembly 

j~TESAT 



Lunar Laser Communications Demonstration 
(LLCD) 



LLCD diode oscillator/fiber amplifier 
MOP A laser transmitter 

(built by MIT-LL) 



Laser Communication Relay Demonstration Fl· 

&"· ,, 
" ' 

LCRD Payload 
and Host 

Spacecraft 1

.· -----··- ·- · -~ ~·-·-·---~·-····-·· ·---

. LCRD Flight Payload 
2 Optical Relay Terminals 

f: • 10.8 em aperture 

Table Mountain, CA 

' LCRD Ground Station 1 
1 m transmit and receive 

aperture 
• 20 W transmitter 

• 0.5 W transmitter 
: Space Switching Unit __ __. ---~~-........ __ _ 

1244 Mbps DPSK 
311 Mbps 16-PPM 

Mission Concept 
• Orbit: Geosynchronous 

1244 Mbps DPSK 
311 Mbps 16-PPM 

- Longitude TBD between 1620W to 630W 

• 2 years mission operations 

• 2 operational GEO Optical Relay Terminals 

• 2 operational Optical Earth Terminals 

• Optical relay services provided 

- Ability to support a LEO User 

• Hosted Payload 

.. Launch Date: Dec 2017 

White Sands, NM 

LCRD Ground Station 2 
15 em transmit aperture 
• 20 W transmitter 
40 em receive aperture 

15 
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ATLAS laser- is there a "better" way? 



Monolithic Lasers in Use Today 
Semiconductor Lasers Fiber Lasers 

Microchip (Solid State) laser 

Optical fiber for amplification 
{Ytterbium doped core fiber) 

o ....... 
Fiber Bragg Grating ~ 

Maintonance·free by fiber to the all 

Output 

Yb Double-clad 
CW Mode locked 

4.5ps, 300m W 
lSOMHz 



Non-Planar Ring Oscillator (NPRO) 
(T. Kane, R. Byer- Stanford U. -1984) 

nd anertJal rotation sena1ng. 
Ideally, a continuous-wave homO(eneously broadened 

IBer ahould oecillate in a single uial mode. The laser 
·ansitiona in Nd:YAG are primarily phonon broadened, 
J the 818Ulnption of homogeneity is met. However, 
·ben a Nd:YAG laser is contructed with a etanding­
'8Ve linear re!!Onator, the threshold of the seccnd uial 
10de is near that of the firat. At the nulls of the 
;andinr wave created by the initial axial mode, stim­
lated emission doe• not take place, and the gain is not 
atwated. This epatially modulated gain, termed 
1atial hole buming, allOWI other axial modes to reach 

and totaUy antemany reiJenmg. 
Moat Jioa 1a1em ..e a resonator that is entirely within 1020 OPI'IC8 LETri!RS I Vol. 20. No. 9 I May l, 1995 

a plane. There are 80IIletimes advantages to a non-

U'elbold and oscillate. 2 

planar geometey- that are worth the greater complexity. 
Doradme at Raytheon has described a DOJlplanar he­
lium-neon ring luer that, when used as a gyroscope, 
overcomes the problem of self-locking or lock-in.7 
Researcbem in tbe Soviet Union have built nonplanar 
Nd: VAG riDglasen and have studied the mode struc­
ture, temporal dyniUIIica, and polarization of these la­
aera. s Biraben' suggested that !ringle-mode dye lasers 

A unidirectional ring resonator has no standing wave, 
Del tbezefore spatial bole bamiDg is eliminated. Much 
igher tingle-mode power is available from a nne than 
-om a linear resonator even without the addition of 
tlective lou elements, aucb as 6talona. j;l,-Jt,l 

igh-power, single-mode operation of uni 

POSITIVE 
VEROET 

""• h •" h-n ,.,.hionlfltl wit.h ""--l"mn-n• 1 1 Fobruery 1116 Vo , tO, No.2 I OP11C8 LETri!RS 

tgle-mode Nd:YAG ring laser 

111 Robert L. Byv 

.. ..ay, Sloa/ord. CaiJJoraloli<IIIIS 

ooepted Ncwombor 28. 111M 

.tor coatolnod oldi:ob withitl a .Nil: VAG ..,.to~. Wl:en 
011 ...m.llaa- ot.t.lnod will> o pump-U.,IW. •inll•· 

IIi 

UDidlrecUoulluer ~to inclode a polarizer. a Farad11y 
rotator, &l1d a ncmmqaet!J: polu iutlOllrota\or, such 

Cont inuous-Wave (CW) Single-Frequency IR Laser 
NPRO• 125/126 Series 

Key F- •1319 or 1064 lllll outpula anDable 

• Fibao-coaplcd outplll 

• p......., 11011pl&nar ria& -Uiator (NPRO) dooipt 

• Superior pci'Wt stabtllry 

• Nomnr IIKwldth 

•Timabillty 
' ')JDSU .Eaacofaae 

• Jdal for OEM appli<:.liom 

Single-frequency Q-switched ring laser with an 
antiresonant Fabry-Perot saturable absorber 

B. Brallll and U. Keller 

Ultrafast Las~ Ph}TJC$, InRitute of Qu4ntum EJ.ctroni£ ., Swl11 F«<fi'OIInJtltut• of T•c'moJo8f, 
ETH HiJnggerberg-HPT, C11-8DIIJ Zt11.'cl1, SwftaerlMd 

R..tcaivsd Janu uy 3, 19!)5 

We po·•li...el: q awitehed a morw~~litlric Nd:'YAG rinc luer (mlnolit.hit leolatecl etft&)e.JDOde md·pmnped rin, Juer 
(lUBER)} uma.&: m nuw~oDBnt-wpe coupW antir..cD-t P'alwy-Petet •at.urable ablcwbeor. Sia.,:la-(rftq\HIQIC)', 
0.7·1'J pulte• with a pulllll width below 100 na at an • l ·!llb repHjt.ioa n t.e ue cielaoDttra\ltd.. h l1e widtb 
~~nd l'qdi\ion nC4 cao ~ varied by ~ lha diata~ aod Unaa tbt coupU.oc ·~ betwtten the erys.Lal 
and ibe abeotber. 

Fig. 1. Layout of the MISER with an A-FPSA coupled 
to a total-internal-reflection point and {at the right) a 
schematic of the interface between the MISER and the 
A-FPSA. 

CcoHERENT. 
F1d111W 

• No11-planar ring oscillator (NPRO) 
technology for ultn-sUble opentions 

• Diffusion bonded, guasi monolithic 
cavity for ultn-sta61e emission 

• Q·switched operation with Cr .. :YACi 
satunble absorber crystal 

• Low noise control electronics 

• User-installed, turn-key operation 

250 mW, 50 ~-tJ at 5 kHz 



Power scaling NPRO with disk laser 
July 15, 2004 f Vol. 29, No. 14 f OPTICS LETTERS 1635 

1.6 W of single-mode output power from a novel power-scaling 
scheme for monolithic nonplanar ring lasers 

Hagen Zimer and Ulrich Wittrock 

Photonics wboratory, University of Applied Sciences Munster, Stegerwaldstrusse 39, 48565 Steinfurt, Germany (a) 

Received January 13, 2004 

A novel monolithic ring laser with high potential for power scaling, the disk nonplanar ring oscillator, is 
presented. We achieved power scaling by reducing the pump-light-induced aberration•. The basic idea ot 
our approach is to attaeh a thin Nd:YAG disk to an undoped nonplanar YAG ring resonator while the othet" 
side of the diok io mounted on a heat oink. First promising aperiments have demonatrated a Bingle-frequency 
cw output power of 1.6 W at 1.06 p.m with a slope efficiency of 45%. Power scaling to severs! watts seems 
to be possible. © 2004 Optical Society of America 

OCIS cock': 140.3570, 140.3480, 140.3560, 140.3410, 140.3580, 140.3530. 

Fig. 1. (a) Nd:YAG disk NPRO, (b) front view into the 
BCD plane, (c) enlarged section of the disk about TIR 
point C. 



Monolithic laser advantages 
Parameters SinQie element monolithic laser and multi-element laser array 

<)n ,..+ .. ~ 1 I I)I:R tr)DQ '1sl""~ •.u•t r o:;""-~r+!"-::tl ... a .... ~ ... : ... ,.. '!:: !')f¥"t .. ~! ~:t-~h t!:+>, ~"1f.! s innla. f ... a,..., '?'1!'' 1 " ..... 0. .. ? ;,.. ... 
1 -- ... ,.. ., ·~-'" ..... ...,.. • (: --..e .. . 1 .,.., • r '·:l .... """' 1..~ · - - ~ ·! ·_;' - ·.1 ~~ , ,~ . ..... - .. . ... ~ -...JI ••• 

----- -- ----
Spaua1 frrt::rmai lens e:mu pass1ve q-swrrch1ng prov10es---son apertonng to ensure h1gh beam quai1ty 

_j 

Temporal Short cavity means short optical pulses 

Energy/Power Design to produce 50 JJJ; also per design to produce 8.4 kHz- average power -0.42W 

Repetition Rate 
Pump power driven, also affected by Yb concentration, need iterative processes to optimize 

! concentration for gain and rep rate 

Passive QS Discrete SA element or co-dope with Yb in PTR, no high voltages as in Active QS 

Coatings 
Bragg mirrors serve as high reflector and output coupler, no coating except for AR to minimize 

1 Fresnel reflection for pump and lasinQ_ wavelength, avoid the issue of optical damage to coating. 

Nonlinear Effects ! No detrimental nonlinear effects 
-· 

1 Use highly fiber coupled pump lasers used in telecom industry. 
Reliability 

Multiple lasers mean losing one 
j laser can still do majority of science - buil~ in re~~ndancy. 

Pump configuration 
i Fiber coupled pumps for compact and robust design. Using microlens array for coupling pump 
j light into laser array. ·- ~ r1" ,..."-1 ,... , , .. :+,, ;.....,..........., ....... ,.., l("''lo +" ,..""-• ~~i",+i,....., i "' "'i.,-~,.... 1,.11("'1',., .. ,...,.,, .ri+· 1 '"''a.-:,.."" • ~,... ·~·,,, h '!'.r +-h~ ""'; ,..a..~ l!""~ --......--...... 

L.a~,e/ 
~ ..i .,:J-=.1~ -'t'~ 10 I _ , • 'J :t .. ,_. ·~-:-~ _ _ • 1 ~ " ' ··. • .. ~: •'• H I I .... ~ ttl.;,.• I t 'J •1 • I 11!-t~ # • •• !' ~~ e • · ' I' fll 

It 
.. :ii!,l ..... ~ - · c;r:,~lit i·I;C cc·· ~ f'i ~ ~ tTili :<lm.T L;l· ;..:,;:~ ; ~!;{.;;It~ ~ ~ ::~ • • ~ " .. ·~ .... ~ J '"'-"" .. ~.:. ., ... 

- -------------- _ _. ______ -- .. ---- ------ - -- -- - ---

j Ena graungs tormed the 1asmg ax1s, Inermal 1t::ns1ng anu son apertunng rrom Pl,l;) prov1ues ~ 
Pointing Stability additional pointing stability 

P'· ;~nm - • ~ ,_;,o+-i · ; ... . ·I ~ i-.·· JJ; T ij~l. I ' -:!1 .. I • '"-.: • , h . .t-·~ ~ ll?"·~ 
.. 

l~ ;\ lr" • *"-I • • ' • II • ·., •• .i ; ~- ~ -; ; ' • .._J _. .__." "',.- • : ~ '\.r r 1 1 I 'lo•- "d" l 1 I I •! I 'I, ., 
~ . . , .as:,arq. : !1-1 :1.:.P.1 1 :o:· Hl ~,.. rt: , ",, , , , • • ;R~- r;c Ht~f-. - -- . -

1 Will examme tne use or emoeaa1ng 1oop neat p1pes lLHI-'J or m1crocnanne1 coolerlMCCJ rnto tne 
Thermal Control laser array for efficient thermal management. LHP has been used successfully in spaceflight 

I lasers and MCC has been used extensively in packaging of high power semiconductor laser arrays 



Solid state monolithic laser 
with Volume Bragg Grating mirrors 

3 

Possible geometry of a monolithic solid state laser in PTR glass doped with rare 
earth ions. 1 - rear-earth doped PTR-glass wafer; 2 - high efficiency VBG as a 
feedback coupler; 3 - low efficiency VBG as an output coupler; 4 - pumped 
volume in active PTR-medium; 5 - pumping beam from LD bars. 



Monolithic Yb:glass CW solid state laser 
2156 OPTICS LE'ITERS ! Vel. 39, No. 7 I April 1, 2014-

DBR and DFB lasers in neodymium- and ytterbium-doped 
photothermorefractive glasses 

A. Ryasn~·anski)•,' ·* N. Vorobiev,1 V, Smimov,~ J. Lumeau,u L. Glebova,1 0 . Mokhun,2 Ch. Spi~eloerg,l 

Michael Krainak;' A. Glebov,1 and L. Glebor 
jOptiGrote Corp, 562 SoJJrh Econ Circle, Oviedo, Floncia 32765, USA 

~CREOL-The Callege of Optics and Photaru·cs, University of Central Florida, Orlan do, Florida 32B1t>-Z7 f1D, USA 

·'Aix·Marsei }Je Universi~, CNRS, Centrale MaiseiJJe, Institut Fresnel , UMR 7249, Mal'SeiJle 13013, France 

'NASA Goddard SpaceFh"ght Center, BBDO Greenbelt Rd., Greenbelt, Maryland 20771, US . .-\ 
"Curresp onding author: a?yasnyanskiy@optigrote .com 

Received Je.nuary 3, 2014 ; .revised March 5 , .2014 ; accep ted .Merch 10, 2014; 

p<lSted March 11. 2014 (Doc. ID 20U49) ; published March 31, 2014 

'Ihe fus t demonstration, to the best of our knowledge, of distrlbuted Bragg reflector [DBR) end manolithic distrib· 
u ted feedback [Dm ) lasetll iD photothennorefracth 'e glass doped with Nre-eerth ions ls reported. The lasers were 
produced by incorporation of tho volume Bragg gratings into the laser gain elements. A .monolithic single-frequency 
solid-state laser with a linewid th of 250 kHz and output power of 150 m W at 1066 nm is demonst:ratad . © 2014 
Optical Society of Am.erlca 

Yb:PTR Glass 

VBG Mirrors 



Monolithic Master Oscillator Power Amplifier 

Semiconductor 
Monolithic MOPA 

lincwidtlll, topther with the d!in ia the peak or the 
~ 'IZ ..... 

411 111 1uonscence to 1051 am, IIJIIell a J(IIS 
aetworlt -.truc:ture limilar 10 that previouly reported ror DCO­
d.ymWm ~ospbate .._. [6). FTOIII. tho narrow speo. 
lrum obtained ror •biam-doped libro, jt is likely that a 
simiiar &less llrw:tuTc: also ana in tbc Er/Yb oo-.dopocl fibres. 

The ta:lmique iii aho readily vuild to lllow th~ illcorpo· 
ration of • variely or other &lu&-forminl aN modiCyjn,a 
~idel. Just u phosphoric acid (lt~POil. a 'Nellk trlpwtic 
acid, eerva as a source for pboeplaonlll)CDto.l.idc: (P10,Jiiimi· 
Jady borU:, ~~tannic, a~ Hlaaic, liilicic lllld germanic acids 
may Rrve as a SOUrce of boron, tia, UIICIIiC, selenium, siJicoD 
and FJ"'IB.DiWR o:Ddos, RSpectively. 

('~.- A Mllhninne far mntrnllablv rahricarina fihrc:s 

(MOPA) 

H 
lx 
bJ 
ol 
cc 
to 
ac 
IX 

8\ 
sr 
[~ 
st 
U• 
lu 
lo 

Ftigh-power diffracnon-limited sermconductor sources have 
been sougb1 after rnr a number of years. Saniconductor lasers 
have demometrded operation lo high output powm. in exccs.s 
of 120W CW tom a llD81c DIOnolithft cbip [f]; howewr, 
coherent operation of semiconductor lasers has been limited 
to sipi&antly lower output powers. Severa) monolithic 
appro-.ches have been studied with tba goal of demcmstratins 
coherent output power& in exeess or I WCW illcludina anti~ 
guide JueJ arrays (2-4}. 100notitbically inteJI'&ted active 
--•!-- ---•- --...:H-&-- ---.--. ... -.-.:A- J?.·A~ t. .. I"'-DA.\ 

Solid-state (crystal/glass) 
MONOLITHIC MOPA 



Yb:YAG Microchip Laser 
with Passive Q switch (Raytheon) 

Laser Output Beam Parameters 
Pulse Energy: 0.1 mJ 
Repetition Rate: 10kHz 
Wavelength: 1030.2 nm 
Linewidth: 17 pm 
Polarization Ext: 2 5 dB 
Pulsewidth: 0.83 nsec 
Beam Quality M2; 1.3 
0-0 Efficiency: 25% 

Laser Operating point 
Diode Current: 4.5 A 
Diode Output Power; 3.9 W 
Chiller Temp: 29.8 °C 
Diode Temp; 31 °C 
~Chip Temp: 17.8 °C 
VBG Temp; 20 °C 



IIIIWI••• 
Space a•d Airborne Systems 

Planar waveguide power amplifier 
Solid state MOP A (Raytheon) 

e.~t:Jr~=121 1~.59m 
II'J ~ lil.l m lie' 

Wavelength -1030.2 nm; 
<20 pm spectral width 

NF Image at -84 em from 
MOPAOutput 
rWlfe2 size: 2.6 mm x 3.3 mm 

FF Image 

1\10 Nominal Operating Point MOPA Nominal Ope1:ating Point 

• Pulse Energy 0.1 mJ • Pulse Energy 2.2mJ 
• Repetition Rate 10kHz • Repetition Rate 10kHz 
• Wavelength 1030.2 nm • Wavelength 1030.2 nm 
• Linewidth 0.018nm • Linewidth 0.02nm 
• Polarization ER 25dB " Polarization ER 18 dB 
• Pulsewidth 0.8 nsec • Pulsewidth 0.8 nsec 
• Beam Quality M2 -1.3 • Beam Quality M2-1.1 
• Opt-Opt Efficiency 25.6% • Opt-Opt Efficiency 24% 
• El-Opt Efficiency 12.8% • El-Opt E fficiency 11% 



Making lasers with a laser 

(a) Femtosecond Laser Inscription 

(b) (c) (d) 

L ___ ..!l!!!!oo!!!r!!m!.J 100 J.UD 100 m 

Fig. 1. (a) Schematic of fs-laser inscription process in Yb:YAG ceramics for the double 
cladding waveguides, and their cross sectional microscope images, which consist of tubular 
central structures with 30 Jlm diameter, and concentric larger size tubular claddings with 
diameters of(b) 200, (c) 150 and (d) 100 1-1m, respectively. 

1 May 2013 I Vol. 3, No. 5 1 DOI:10.1364/0ME.3.000645 I OPTICAL MATERIALS EXPRESS 647 

h' ~· ~\. .i 
1 \ 

JJ 
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Fig. 4. (a) Laser pulse energy at 1.06 J.lll1 versus energy of the pump pulse incident on the 
DWG-1 waveguide. The near-field distributions are shown at the maximum laser pulse energy 
(OCM with T = 0.10) for emission in (b) DWG-1 (Ep = 3.4 mJ) and (c) bulk Nd:YAG 
(Ep = 5.5 mJ). 
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Optical waveguides in 
smartphone ''Gorilla'' glass! 

Fig. 1. Laser writing of a photonic device in a smart phone screen. The photograph shows that 
the waveguide (a horizontal line from the left side) cannot be seen by the naked eye. The white 
light comes from the plasma generated by the nonlinear absorption of the focused laser. 
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Fig. 7. Loss of the 30 em multimode waveguide (with 11 loss of 0.027 dB/em) with different 
launch NAs. More modes appear as the NA increases. At anNA of -4>.012, only the L.Po• mode 
is seen, and at anNA of0.25 all modes are seen at the waveguide output by altering the launch 
conditions. 

30 June 2014 1 Vol. 22, No. 131 DOI:10.1364/0E.22.015473 I OPTICS EXPRESS 15475 

(3) 



Graphene waveguide modulator 
.... 

&· 

Fig. 1. Top view of device, light was coupled using grating couplers (left). Isometric view of 
device showing graphene layer on top of Si waveguide (top right). Cross-sectional view of 
device with graphene layers separated by 94 nm aluminum oxide (bottom right). 

1E7 1E8 1E9 
f (Hzl 

Fig. 3. Relative electro-optical response of the modulator as a function of frequency./;_., is 
670 MHz. The inset shows the output signal of the modulator at 50 MHz (yellow line) for an 
AC input voltage V" = 6 \" (pwple and cyan lines represent the reference signals). 
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Q-switched monolithic laser 
Passive and active Q-switches 

Waveguide 
Microscope objective 

Fig. 2. Schematic plot of the experimental setup for the pulsed laser generation in the double­
cladding Nd: Y AG ceramic waveguides. 

Waveaulde laser 

Fig. 1. The experimental scheme for the inditc:cl interaction graphene Q-swirched waveguide 
laser generation. 
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Planar Waveguide Amplifier for Power Scaling 

End faces AR eo.ted . - ~ .. 
at the Laset Wavelength . Unguided Axis 

··+AlB 

ytd 
X 

35 mm long laser amplifier for a 16 W laser at I R 
(-9 Win green - same as ATLAS laser) 

Yb:YAG waveguide core, 40 lUll thick, sandwiched by undoped YAG 



Optical frequency doubling 

1274 OPTICS LEITERS I Vol. 39, No.5/ March 1, 2014 

Highly efficient continuous wave blue second-harmonic 
generation in fs-laser 

written periodically poled Rb:KTiOP04 waveguides 
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Fig. 1. Second harmonic power (black squares) and conver­
sion efficiency (red dots) versus incident fundamental power 
at 943.18 run. Theoretical square-fit of the measured data points 
(solid line). 



NASA Space ·Laser Technology 

AGENDA 

I. Overview of existing and near-term space 
laser systems 

II. Monolithic solid state lasers 

I. Future missions 



"Earth" application- Not just monolithic but monolithic with 
"compatible" material/process. Cost driven 

SiN waveguide lasers for CMOS (MIT and UCSB) 
3106 OPfiCS LE'ITERS I Vol 39, No. 11 I June 1, 2014 

CMOS-compatible 75 mW erbium-doped 
distributed feedback laser 

I.S,um I 
4pm 

(a) (b) 

Fig. 1. Waveguides used in this work. (a) Layers used for 
constructing the waveguide structure within wafer-scale fabri­
cation flow. High-definition masks are used to create wave­
guides and gratings in the SiN layer, and an erbium-doped 
glass is deposited as a blanket film. (b) Intensity profile of 
an inverted ridge waveguide mode with a 4 IJ.m SiN core. 
The 1563 nm mode is mainly confined in the erbium-doped 
glass. 
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Fig. 2. On-cllip DFB laser performaJice. (a) Single-mode laser 
emission from the DFB with more than 60 dB suppression of the 
amplified spontaneous emission (ASE), measured with an OSA 
with 0.02 nm resolution. The peak around 1588 is due to the 
Naman-shifted residual pump. (b) Power as a function of 
launched PlUUP power for two lasers with equal corrugation 
(x = 300), but different grating length (L = 23 and 15 mm), 
lasing at 1563 run. The cavity with the longer grating shows 
hlgh('l' slope eMclency and n lower threshold. 



Upcoming approved NASA missions 
with a space-based laser 

Mission Laser Launch 
Date 

Cloud-Aerosol, Transport System (CATS) Nd:YV041aser (IR, 2015 
NASA-GSFC green, UV) 

Origins-Spectral Interpretation-Resource Nd:YAG (IR) 2016 
I dentification-Secu rity-Regol ith Explorer. 
OSIRIS-REx (Lockheed Martin -Advanced 
Scientific Concepts) 

Ice, Cloud & land Elevation SATellite Nd:YV04 laser 2017 
Advanced Topographic Laser Altimeter (green) 
System (ICESat-2/ATLAS) NASA-GSFC 

Gravity Recovery And Climate Experiment- Nd:YAG Monolithic 2017 
Follow On (GRACE-FO) NASA-JPL NPRO 

Laser Communication Relay Demonstration· Diode oscillator- 2018 
(LCRD) erbium fiber amplifier 
NASA-GSFC/JPL/MIT-LL MOPA 

Geodynamics of the Earth, Dynamics of Ice Nd:YAG laser (IR) 2019 
(GEDI) NASA-GSFC 



Upcoming "hopeful" NASA missions 
with a space-based laser (start before 2024) 

Mission Laser 
-

Jupiter Europa topography Nd:YAG MOPA (similar to Mercury Laser 
Altimeter) 

Laser communication terminal Diode oscillator-erbium fiber amplifier MOPA 
International Space Station (to LCRD) 

Deep-space Optical Terminal (JPL) Diode oscillator-erbium fiber amplifier MOPA 

Robotic Servicing Nd:YAG or Diode oscillator-erbium fiber 
amplifier MOPA 

Earth atmospheric carbon dioxide Diode oscillator-erbium fiber amplifier MOPA or 
2 micron Tm:YAG 

Earth atmospheric methane Nd laser pumped diode oscillator/seed 
OPA/OPO or Diode oscillator Er:YGG amplifier 

Improved Earth gravity - Gravity Nd:YAG Monolithic NPRO or? 
Recovery And Climate Experiment 2 
(GRACE-II) 

Precision time transfer- improved Fiber frequency comb ? 
Global Positioning System (GPS) 



NASA Space l,aser Technology 

SUMMARY 

1. Over the past two decades NASA has deployed 
diode, solid state and fiber lasers based 
instruments for new spacecraft systems and 
science discoveries. 

1. A second generation of space laser instruments 
will benefit from further monolithic laser 
manufacturing techniques. 

2. NASA needs US industry and University help in 
developing robust, monolithic high power lasers 
for future space laser instruments 
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Satellite clock synchronization 
Atomic Clock Ensemble in Space (ACES) 
on ISS in 2016 - European Space Agency 
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Optical docks progress Will allow dock-to-dock 
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PHARAO (Project d'Horloge Atomique a Refroidissement 
d'Atomes en Orbite): a laser-cooled cesium atomic clock 




