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Ultrafast Optics for Ultra Precision 

• Coherent X-ray generation 

• X-ray microscopy 

• X-ray non-destructive inspection 

• X-ray imaging/interferometry 

• LIDAR/SLR 

• IR non-destructive inspection 

• FT-IR spectroscopy 

• Terahertz wave imaging 

• Absolute distance metrology 

• 3D profile/thickness metrology 

• Optical frequency synthesizer 

• Ultra-precision positioning 

• EUV comb generation 

• Thin-film thickness metrology 

• Critical dimensions inspection 

• Nano-scale material imaging 
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S.-W. Kim, Nature Photonics, 3, pp. 313-314 (2009) N. R. Newbury, Nature Photonics, 5, pp. 186-188 (2011) 

S. Diddams, JOSA B, 27, pp. B51-B62 (2010) 



Ultrafast Femtosecond Laser: Critical Advantages 

Ultra-short Pulse Duration High Frequency Stability Broad Spectral Range 

10 100 1000

10
-13

10
-12

10
-11

 

A
ll

a
n

 d
e

v
ia

ti
o

n
, 


y
(

)

Gate time (s)

• Short pulse duration: several fs 
  (1 fs=1/1,000,000,000,000,000 s) 
  (1 fs=1/10-15) 

 Advantageous to 
    the precise timing and distance 
    measurement in SPACE 

• High peak power: upto several GW 
  (1 GW=1,000,000,000) 
   Stronger than light bulbs  

 Capable of initiating 
    Nonlinear optical phenomena 
    with high efficiency in SPACE  

• Extreme frequency stability: 
   upto 10-17~10-18 

 Advantageous to 
    precision time/frequency measurement  
    and dissemination in SPACE 
 

• Direct Linkage between the radio- 
  wave and the optical light wave  

 Enhancing the performance of 
    the base clock of the satellite 
    for GPS system in SPACE  

• Broad spectral coverage: 
   from Ultraviolet to Infra-Red 

 Advantageous to 
     broadband spectroscopy and  
     DWDM communication in SPACE 
 

• Conserving the original 
   frequency comb structure 

 Dramatically enhancing the 
    calibration capability 
    of SPACE spectrometers 

Ultrafast femtosecond laser will be a key device 
enabling next generation metrological space missions 

7  fs Nobel Prize in Physics 2005 
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• ADM determines the distance between two objects instantaneously with a single operation without 
accumulation of incremented/decremented displacements.  

• ADM does suffer no measurement error accumulation caused by the environmental parameters. 

• ADM determines the distance between targets not feasible to move continuously. 

 Absolute Distance Measurement 

Large Scale Engineering 

High Precision Engineering  

Absolute Distance Measurement (ADM) 

Space Missions 

S.-W. Kim, J. Jin, Y.-J. Kim, HAALDM Workshop 2007, by Menlo Systems GmbH and European Space Agency (ESA) 

accumulating displacements 

target Interferometer 

Initial  
position 

measuring distance instantaneously 

Interferometer target 

 Conventional Laser Interferometer 



Formation Flying Space Missions: GRACE (RDM) 

Since 2002 

B. D. Tapley et al., Science, 305, pp. 503-505 (2004) 



ADM for Formation Flying in SPACE 

Extra-solar Planet Finder 
• Configuring of synthetic aperture 
• Searching for and investigation of earth-like planets 

The X-ray Evolving Universe Spectroscopy 
• X-ray observatory with two space crafts 
• Investigation of clusters of galaxies, massive black holes,  
  stellar matter 

Item XEUS DARWIN 

Number of satellites 2 8 

Distance between satellites 35 m 250 m 

Metrology 

requirement 

Lateral  < 1000 ㎛ < ±32 ㎛ 

Longitudinal < 300 ㎛ < ±32 ㎛ 

Angular < 60 arcsec < ±10 arcsec 

Roadmap by ESA/NASA  

Darwin 

XEUS  

Mission Requirements 

Precision Absolute Distance Metrology 
for Satellite Formation Flying 
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• Interferometric cross-correlation 
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Absolute Distance Measurement (ADM) 

Absolute Distance Measurement using Femtosecond Laser Pulses 



HAALDM Project (High Accuracy Absolute Long-Distance Measurement) 
by ESA (European Space Agency) since 2007 

DOC.NO. : HALLDM-Final Report 

VOL : 1 

ISSUE : 1 

DATE : December 10,2008 

PAGE : 1 of 182 

DRL.NO. : APPE-RAP-2008-03629 
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Definition of the ‘Meter’: Time-of-flight 

The meter was redefined in 1983 in 17th CGPM. 
 
    “the meter is the length of the path traveled by light in vacuum 
      during a time interval of 1/299,792,458 of a second.”  
 
• The speed of light is c=299,792,458 m/s (constant in vacuum). 
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• Time walk compensated using the analog signal monitor 
• Precision: 15 / 3 ps over the dynamic range 10 - 10ooo Ph. 
• Time stability better than 1 ps over 1000 s 
• Insensitive to the laser pulse width (20 - 200 ps) 

E. Samain et al, CERGA, Grasse, 2002 

Technique 
Précision sur les 

positions 

Précision sur 

les vitesses 

VLBI 2 mm 1 mm/an 

LLR 50 mm 5 mm/an 

SLR 2 mm 1 mm/an 

GPS 2 mm 1 mm/an 

DORIS 25 mm 4 mm/an 
SPAD K14 

Resolution/Precision : 3 ps, 1 mm !! 

SLR 

GPS VLBI 



Scope 

 High-resolution time-of-flight measurement using femtosecond pulses 

 Applications for high precision ranging for next-generation space missions 

ADM using Time-of-flight (TOF) of Femtosecond Pulses 

Conventional TOF Measurement TOF Measurement using Balanced Optical Cross-Correlation 

mm Precision nm Precision 

J. Lee, Y.-J. Kim, K. Lee, S. Lee, and S.-W. Kim, Nature Photonics 4, 716–720 (2010) 
J. Lee. G. Lee, S. Lee, S.-W. Kim, and Y.-J. Kim, Meas. Sci. Technol, 23, 065203 (2012) 



ADM using TOF of Femtosecond Pulses 

B
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J. Lee, Y.-J. Kim, K. Lee, S. Lee, and S.-W. Kim, Nature Photonics 4, 716–720 (2010) 
J. Lee. G. Lee, S. Lee, S.-W. Kim, and Y.-J. Kim, Meas. Sci. Technol, 23, 065203 (2012) 

High Precision Absolute Ranging LIDAR: Optical Configuration BXCOR Signal 



Balanced Optical Cross-correlation: BXCOR 



Experimental Configuration 
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J. Lee, Y.-J. Kim, K. Lee, S. Lee, and S.-W. Kim, Nature Photonics 4, 716–720 (2010) 
J. Lee. G. Lee, S. Lee, S.-W. Kim, and Y.-J. Kim, Meas. Sci. Technol, 23, 065203 (2012) 



Comparison with a Laser interferometer at ~1.5 m 

1.5 m 

BXCOR 

MREF 
MMEA 

Femtosecond Laser 

Agilent 
Laser Interferometer 

PBS QWP 



ADM using TOF of Femtosecond Pulses: at ~60 m 



ADM using TOF of Femtosecond Pulses: at ~700 m 

B-1 

B-2 

~ 0.7 km (1.4 km round trip) 

Satellite Technology 
Research Center 

Ultrafast Optics for 
Ultraprecision Technology 

Research Center 

A 

Target Distance 

Comparison with Conventional 
Distance Meter (TOPCON) 

Retro-reflectors Array 



ADM using TOF of Femtosecond Pulses: at ~700 m 
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FFT Spectrum 

(Modulation @ 10 Hz) 

Modulation Depth: 130 nm 

Modulation Depth: 
B-1) 5,000 nm 
B-2) 2,000 nm  
B-3)    700 nm 

• Measurement range : ~ 0.7 km  

• 150 nm, 10 Hz dithering on mirror array 
   (using PZT) 
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J. Lee, Y.-J. Kim, K. Lee, S. Lee, and S.-W. Kim, Nature Photonics 4, 716–720 (2010) 
J. Lee. G. Lee, S. Lee, S.-W. Kim, and Y.-J. Kim, Meas. Sci. Technol, 23, 065203 (2012) 



ADM using TOF of Femtosecond Pulses: Ultimate Precision 

A 

B 
Measurement Precisions: 

• 8.7 nm @ 10 ms 
• 2.7 nm @ 100 ms 
• 1.1 nm @ 1 s 

J. Lee, Y.-J. Kim, K. Lee, S. Lee, and S.-W. Kim, Nature Photonics 4, 716–720 (2010) 
J. Lee. G. Lee, S. Lee, S.-W. Kim, and Y.-J. Kim, Meas. Sci. Technol, 23, 065203 (2012) 
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High-resolution Satellite LIDAR: Laser System 

• Diode-pumped Nd:YAG slab 
• Passively cooled 
• Sealed canister, 1 atm dry air 

Power Degradation 

Laser in CALIOP 

Nd:YAG 

SHG Crystal 

OC 

RR 
M 

M 

Q 

Output 

CALIOP (CALIPSO mission by NASA, 2006) 

<CALIPSO & A-Train> 

Laser in CALIOP 

Effi. Stab. Cont. 



Fiber Laser vs. Crystal Laser in SPACE 

Current fiber-based NASA Projects 

•  CO2 LIDAR (Er, Yb, Er+SHG) 
•  O2 LIDAR (CW Er+SHG) 
•  Spectral Ratio Biospheric  

 (Er+SHG) 
•  Mars Laser Sounder (Yb) 

ESA-NASA workshop on Optoelectronics (2005) 



Fiber-based Femtosecond Laser in SPACE 

100 mW 200 mW 1 W 10 W 0.1 mW @ 0.1 MHz 
1 mW @ 1 MHz 

10 mW @ 10 MHz 

Objective 
Power 

Space Qualified High-Power Fiber Femtosecond Laser 

I. All-fiber-based Laser Oscillator II. Pre-Amplifiers III. Main Amplifiers Stretcher Compressor 

• Fiber based laser design (Gain material: Er-doped fiber) 
• MOPA(Master Oscillator Power Amplifier) based design 
• Master Oscillator: Actively cooled 
• Power Amplifiers: Passively cooled 

< 100 W, < 20 kg 

Design Concept 

Master oscillator determines 1pulse duration, 2repetition rate, 3spectral bandwidth, 4power stability and so on 



Femtosecond Laser: Satellite Payload (FSO) 
Scope 

  Payload development for 3rd launching vehicle, NARO-ho (KSLV-1) 

  Space Qualification of the Fiber-based Ultrafast Femtosecond Laser 

Naro Science Satellite 
(STSAT-2C) 

ITEM Specification 

Design Life Time 1 year 

Mass < 100 kg 

Power  100 W 

Attitude control   
 Pointing accuracy    +/- 20 

degree 

Payloads 
3 payloads  

LP, IRS, FSO 

Orbit 
Perigee: 300 km 
Apogee 1500 km 

< Satellite Specification > 

NARO-ho (KSLV-1) 

launched in Jan. 2013   

(femtosecond oscillator, FSO) 

All-fiber-based SA soliton fiber 
femtosecond oscillator 
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Ultrafast Optics for Ultra Precision Research Group 

• School of Mechanical Engineering, KAIST 

• Members (As of Feb. 2013) 

– Prof. Seung-Woo Kim 

– 3 Post-doctoral researcher 

– 10 Doctoral course students 

– 4 Master course students 

– 3 Technical Staffs 

– 1 Office Staff 
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Department of Mechanical Engineering, 

Korea Advanced Institute of Science and Technology (KAIST) 

mailto:swk@kaist.ac.kr

