"OHP Colloquium
2013. 9.,26. (Thursday)

-flight measurement
tosecond light,pul

~
N

g™

Kim



http://pem.kaist.ac.kr/kiost/index.html

Contents

e Introduction: Femtosecond Pulses for Next-generation Space Missions

e Space Applications of Femtosecond Lasers in Space

1. High-precision Absolute Distance Measurement
2. Multifunctional Broadband Spectroscopic LIDAR
3. Broadband Telecommunication

® The First Fiber Femtosecond Laser in Space

e Conclusions

=
-



Time domain
|

What is Femtosecond Pulse Laser?
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METROLOGY

Combs rule
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missicns of the future.
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Ultrafast Femtosecond Laser: Critical Advantages

Ultra-short Pulse Duration High Frequency Stability Broad Spectral Range

10"+ Nobel Prize in Physics 2005
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e Short pulse duration: several fs  Extreme frequency stability: e Broad spectral coverage:
(1 fs=1/1,000,000,000,000,000 s) upto 10-17~10-18 from Ultraviolet to Infra-Red
(1 fs=1/10"1°) - Advantageous to - Advantageous to
- Advantageous to precision time/frequency measurement broadband spectroscopy and
the precise timing and distance and dissemination in SPACE DWDM communication in SPACE
measurement in SPACE
e High peak power: upto several GW * Direct Linkage between the radio- e Conserving the original
(1 GW=1,000,000,000) wave and the optical light wave frequency comb structure
Stronger than light bulbs - Enhancing the performance of - Dramatically enhancing the
- Capable of initiating the base clock of the satellite calibration capability
Nonlinear optical phenomena for GPS system in SPACE of SPACE spectrometers
with high efficiency in SPACE
- AN L

VAN

p
Ultrafast femtosecond laser will be a key device

enabling next generation metrological space missions
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Ultrafast Optics for Ultra Precision

Fiber-based Ultrafast Precision Frequency Metrology
Femtosecond Laser i

Ultrafast Optics for Ultra Precision in SPACE

Space Qualified
Ultrafast Femtosecond Fiber Laser
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Absolute Distance Measurement (ADM)

+» Conventional Laser Interferometer *»» Absolute Distance Measurement
Initial
! position ! ! ! !
Interferometer ; : ; ‘target Interferometer Ctarget
accumulating displacements measuring distance instantaneous'Iy

e ADM determines the distance between two objects instantaneously with a single operation without
accumulation of incremented/decremented displacements.

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

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

Large Scale Engineering

Space Missions

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




Formation Flying Space Missions: GRACE (RDM)

GRACE Measurements of Mass
Variability in the Earth System

Byron D. Tapley,” Sinivas Battadpur,” John C. Ries,™*
Paul F. Thompsen, ' Michasl M. Watking®

Manthly gravity field setomates mads by the twin Ceawty Sacovary and Climate

Experiment (GRACE] sytelites have a geold beigt nccunacy of 2 to 3 milli
maters ol &

1 & spetial resclation s amall ss 00 Lilometers. The anmual cypcle in ~
the pecud varistions. up ta 10 milimeters in tame reglons, peaked peedoemi-
nantly in the spring and [ seaions. Cedid varistions cbierved over South
America that cen be lagely attnbcted to wafacs water anc groundwater

changet shaw a clear separation betwesn the large Amaonn watershad and the
smalier watarsheds o U noth. Such observatsans il iy hydrologivts to (
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those at regional and global scakes
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B. D. Tapley et al., Saence, 305, 3 505 (2004)
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ADM for Formation Flying in SPACE

Precision Absolute D|sta-nce M(.etrology “ Afong tifhe ago...’ . .
for Satellite Formation Flying : %~ ina galaxy far,far away

4 Roadmap by ESA/NASA \

nanamaler DARWIN
. ESA

0" arg 7", 200 o DX (Mt Prame) AGK 1000 ks 21100

Voo oty |

spectrum of ap AGN at z=10.0 A

The X-ray Evolving Universe Spectroscopy

* X-ray observatory with two space crafts

* Investigation of clusters of galaxies, massive black holes,
stellar matter

Mission Requirements

Number of satellites 2 8
Distance between satellites 35m 250 m
E lar PI Find Lateral < 1000 pm < £32 um
xtra-solar Planet Finder
Metrology L
« Configuring of synthetic aperture requirement | -Ongitudinal < 300 am <+32/m
* Searching for and investigation of earth-like planets Angular < 60 arcsec < +10 arcsec




Absolute Distance Measurement (ADM)

Absolute Distance Measurement using Femtosecond Laser Pulses

Synthetic Wavelength Interferometry

Multi-Wavelength Interferometry

K. Minoshima, H. Matsumoto, App. Opt. 39, 5512 (2000)
N. R. Doloca, K. Meiners-Hagen, M. Wedde, F. Pollinger, and A. Abou-Zeid, Measurement Science and Technology 21, 115302 (2010).
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J. Jin, Y.-J. Kim, Y. Kim, S.-W. Kim, and C.-S. Kang, Optics Express 14, 5968 (2006).
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Dual-comb Interferometry ) 5
* |. Coddington, W.C. Swann, L. Nenadovic and N.R. Newbury, Nature Photonics, 3, 351-356 (2009). = l B
* S.Yokoyama, T. Yokoyama, Y. Hagihara, T. Araki, and T. Yasui, Opt. Express, 17, 9300-9313 (2009). o 3
* M. Godbout, J. D. Deschénes, and J. Genest, Opt. Express, 18, pp.15981-15989 (2010). A : 5
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J. Lee, S. Han, K. Lee, E. Bae, S. Kim, S. Lee, S.-W. Kim and Y.-J. Kim, Meas. Sci. Technol., 24, 045201 (2015.',';7'-

Interferometric cross-correlation

J. Ye, Opt. Lett, 29, 1153 (2004).
M. Cui, M.G. Zeitouny, N. Bhattacharya, S.A. van den Berg, H.P. Urbach, and J.J.M. Bratt, Opt. Lett., 34, 1982 (2009).
P. Balling, P. Kren, P. Masika, S.A. van den Berg., Opt. Express, 25, 9300 (2009). o

Time-of-flight measurement using balanced optical cross-correlation /

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).




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

DOC.NO. : HALLDM-Final Report
VOL 1
ISSUE 1

PAGE : 1of 182
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Absolute Distance Measurements

: Conventional : Better with FS Laser E : Based on FS Laser

TOF
pseudo Noise

Triangulation
102 TOF Pulsed

| Modulation
77
ra&y . TOF Two fre
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10°3 /// //\ Modulation —— —
A - : ~
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E Interferometry (3A) Fs-comb
(a1 105 Dispersive TOF CW FM
N Interferometry Modulation
o0 TOF Two harmonic o
T fs-comb beat signal
runnin
Multiple Wavelengt & Fs-comb Cross
10° l Interferometry (4A) Correlation
Interferometry
I
N | | [ [ [ [
10”7
10 100

Long Range

* BUPE: Billionth Uncertainty Precision Engineering



Definition of the ‘Meter’: Time-of-flight

The meter was redefined in 1983 in 17" 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.”

\ e The speed of light is c=299,792,458 m/s (constant in vacuum).

E. Samain et al, CERGA, Grasse, 2002

300 T T 1 30
1
250 * —— Time walk 25 ~ =
w * precision =2 .
2 200 +— = 20 o N
é é ' -‘_ -
©
150 15 ¢
i . 3 ps o - . Précision sur les Précision sur
m echnique iti | itesse
g 100 Brp— 10 o positions es vitesses
= & &J VLBI 2mm 1 mm/an
50 S 5
= LLR 50 mm 5 mm/an
— 0 SLR 2mm 1 mm/an
10 100 1000 10000 100000 GPS > mm 1 mm/an
<Photon number> DORIS 25 mm 4 mm/an

SPAD K14

¢ Time walk compensated using the analog signal monitor
e Precision: 15 / 3 ps over the dynamic range 10 - 10000 Ph.

Resolution/Precision : 3 ps, 1 mm !! * Time stability better than 1 ps over 1000 s
e Insensitive to the laser pulse width (20 - 200 ps)

However, the precision was limited to the level of several millimeters



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

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

+»» Applications for high precision ranging for next-generation space missions

Conventional TOF Measurement TOF Measurement using Balanced Optical Cross-Correlation
Optical Signal Electronic Signal Optical Signal Electronic Signal
"l: - I—»{ Servo ConlrolleT]
PD /\ \ 1
’l A A o il / - 0o Eemiosecond
- fole—rs - =
| %
n
AN AR '
&) =

mm Precision | | nm Precision

Balanced P
Vo

Target object

Measurement &" 7
Measureme "4

puleas , —

nature

Time-of-fli it measurement

/ by optical cross-corralation
Refarence 3
pulses = Temporal offset Second- harmonic
. f
PBS / &

Oplical Cross

photonics

between putses sub-putsa

imersity

Time
correlation crysta

J. Lee, Y.-). 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

High Precision Absolute Ranging LIDAR: Optical Configuration BXCOR Signal
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Balanced Optical Cross-correlation: Detailed Description ,
|
- | |
Mirror , -0.5 - ,‘
PD2 Low-pass filter ] |
@ & amplifier
A K \ _ | PDl
| \= e
10— L
-1,500 -750 O 750 1,500
-y PPKTP crystal Balanced photo-detector
Dichroic mirror D|chr0|c mirror
(reflecting SHG at 45 °)

(reflecting fundamental at 90 °)

Tempora! offset (f3)

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)




Interferometric
cross-correlation

(5-2)

Intensity
cross-correlation

Balanced Optical Cross-correlation: BXCOR
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Experimental Configuration

-+ w—l

- QwP)
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~ Balanced [
detector

Total
station
—

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)




Femtosecond Laser

Comparison with a Laser interferometer at ~¥1.5 m
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ADM using TOF of Femtosecond Pulses: at “60 m
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ADM using TOF of Femtosecond Pulses: at “700 m

Target Distance

Ultrafast Optics for
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Research Center
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Research Center
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Absolute distance (/)

Absolute distance (nm)
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ADM using TOF of Femtosecond Pulses: at 700 m
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ADM using TOF of Femtosecond Pulses: Ultimate Precision

Timing jitter (fs)
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High-resolution Satellite LIDAR: Laser System

CALIOP (CALIPSO mission by NASA, 2006) . Diode-pumped Nd:YAG slab

CALIPSO 1064 nm * Passively cooled
 Sealed canister, 1 atm dry air

Laser in CALIOP

<CALIPSO & A-Train> click here to view animation Effi. Stab. Cont.

Laser in CALIOP
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Fiber Laser vs. Crystal Laser in SPACE

Applications of Fiber Amplifiers for

Spo: Cavity vs Fiber Lasers

Laser Altimetry and Mapping Advantages In Capabilities

The Flrst ESA-NASA Working Meeting on Optoelectronics
- Fiber Optic System Technologles In Space

Pulsewidth

ESTECESA
Noorawlje, The Netherlands

0. Bafry Coyle
NASGA-Goddad Space St Cantal
Codu 830

Laser Pulse . Alignmant i
ot Efficiency og Lifetime Contamination
Source 4 Stability

Cavity

Fiber

Summary: Fiber-based laser sources have critical advantages
that warrant immediate study and flight development investments.

Applications of Fibér Amplifigrs R Space L aser Allimetry and Mapiing
ESA-NASA workshop on Optoelectronics (2005)

ESANASA Warking Mesting an Optoetectronics 2005

D353 <A1 3nd {ow aetistes. Sy 30 WGP, TR0 CRARges
L o 1) R =k Qv

Compact (Smalier than Lap-top) Current fiber-based NASA Projects

* CO2 LIDAR (Er, Yb, Er+SHG)

* 02 LIDAR (CW Er+SHG)

 Spectral Ratio Biospheric
(Er+SHG)

* Mars Laser Sounder (Yb)

Alignment-free (All optical path in optical fiber)

Vibration insensitive (All optical path in optical fiber)

High efficiency (Pump to signal conversion more than 70 %)

High-level

| power stability (Less than 1 %)

Long-lifetime (More than 30 years)




Fiber-based Femtosecond Laser in SPACE

Design Concept

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

Power Amplifiers: Passively cooled

s S
Y
1 '] oen . .
: Space Qualified High-Power Fiber Femtosecond Laser <100 W, <20 kg
: I. All-fiber-based Laser Oscillator iStretcher Il. Pre-Amplifiers [Il. Main Amplifiers Compressor
| !
I '
: ............................................... . Ll Pump LD
P Pump LD
I : pLD |
I ol : Pump LD Pump LD
1Y Pzt |1 crBG PumpLD | ESp—
1| = Er-doped : ump
: ) Gain Fiber 1
- H
I ' |
: c-ntrol WDM SA 0 : Er-doped Er-Yb Fiber Er:Yb Fiber
i || Electronics % : Gain Fiber (Dual-Clad) (Dual-Clad)
i P = ISO | II:O
t | Pump LD o= 1O {aom)
: e K WDM WDM
'\
]
| Objective 100 mW 0.1 MW @ 0.1 MHz 200 mW 1W 10 W
: Power 1mW @ 1 MHz
I 10 W @ 10 MHz
\
. J

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




Femtosecond Laser: Satellite Payload (FSO)

>
- seore | NSLV

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

% Space Qualification of the Fiber-based Ultrafast Femtosecond Laser J
Naro Science Satellite < Satellite Specification >
- - (STSAT-2C)
NARO-ho (KSLV-1) P - ITEM Specification
=
Design Life Time 1 year
Mass <100 kg
Power 100 W
Attitude control Pointing accuracy +/- 20
degree
)
r 3 payload
‘ Payloads payloads
. LP, IRS, FSO
. Perigee: 300 km
ll Orbit Apogee 1500 km
L femtosecond oscillator, FSO Output
Coupler Isolator
' Ring PZT ,
B EDF
o '.'_:*-_-..._WDM C—-_//
B
‘ . All-fiber-based SA soliton fiber
launched in Jan. 2013

femtosecond oscillator )
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Ultrafast Optics for Ultra Precision

Fiber-based Ultrafast Precision Frequency Metrology
Femtosecond Laser i

Ultrafast Optics for Ultra Precision in SPACE

Space Qualified
Ultrafast Femtosecond Fiber Laser
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