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Femtosecond Laser Frequency Combs
A unique source for sensing and spectroscopy

Erbium fiber frequency comb

® an array of millions of phase-coherent CW oscillators
® |arge spectral coverage: 300 nm - 10 microns

* precisely known frequencies (~1 Hz resolution)

* high peak power for efficient nonlinear optics

Difference Frequency Generation
and Continuum

Harmonic Generation
and Continuum
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courtesy of S. Diddams et al.
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Passively mode-locked
Er fiber laser*

= 100 MHz rep rate

= ~100 fs pulses

= ~10 mW output

All fiber or fiber/free
space
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Self-referenced “octave-spanning” comb

*L. E. Nelson et al., APB 65, (1997).
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Broadband Spectroscopy

Dual-Comb Spectroscopy
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Combs + cavity : Thorpe, Science 311, 1595 (2006), APB, (2008), 91, 397; Bernhardt, NP, 4, 55 (2009)
Combs + FTIR : Adler, OE, 18, 21863 (2010); Mandon, NP 3, 99 (2009)

Combs + high res. spectrometer: Diddamsl. Nat. 445, 627 (2007); Thorpe, OE, 16, (2008); Gohlle PRL 99, 263902 (2008).

Dual Comb: Keilmann, et al, Opt. Lett. 29, 1542 (2004) , Schliesser, OE, 13, 9029 (2005); Coddington, PRL, 100, 013902
(2008), Giaccari, Opt. Express, 16, 4347 (2008); Bernhardt, NP 4, 55-57 (2009)

~~ I  Grating/VIPA (high res)

Method to access the amplitude and phase of each tooth
Use a second comb as a Local Oscillator

5 gas \ )7 @ Schiller, Opt. Lett. 27, 766 (2002)
°“':e Schliesser, Opt. Exp, 13,9029 (2005)
om

Coddington, PRL , 100, 013902 (2008)

Giaccari, Opt. Express, 16, 4347 (2008)
Bernhardt, Nat. Photon., 4, 55-57 (2009)
Coddington, Opt. Lett, 35, 1395 (2010)
Coddington, PRA, 043817 (2010)
Deschenes, Opt. Express, 23358 (2010)

Qhaselock

Frequency Domain Time Domain

Multi-heterodyne spectroscopy
Coherent Spectral Interferometry

Coherent Linear Optical Sampling
Cross-correlation of E-fields
Extends THz time-domain spect.

Keilmann, et al, Opt. Lett. 29, 1542 (2004)

Coherent Dual Comb Spectroscopy
Frequency Domain

Coherent Dual Comb Spectroscopy
Frequency Domain
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Coherent Dual Comb Spectroscopy
Time Domain

Coherent Dual Comb Spectroscopy
Time Domain

Q‘naselock
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Measured .

Interferogram . "

«— Real time: 1/Afrep -
Effective time: 1/f,

T
X
5]
o
2 T
> .
time

Measured ™
Interferogram

+— Real time: 1/Af,,~msec
Effective time: 1/frep=10ns

Classic FTIR
Instrument lineshape: sinc
Pnt spacing/resolution: mirror travel
Measure time = mirror speed
Only magnitude (typically)
Accuracy ~ 10 MHz

Dual-comb spectrometer “
Instrument Lineshape: comb tooth
Resolution: flep (100MHz)

Measure time 1/Af,, (600us)
No moving parts
Phase & Magnitude

Accuracy = comb ref. (~ kHz)

Importance of Comb Stabilization

Spectra will have accuracy/resolution/SNR of underlying Combs

Stabilization of the Fiber Frequency combs

Free-running Dual-Comb Spectrometer

s 7o
, : optical freq

rffreq More
Resolved Dual-Comb Spectrometer -Accuracy

‘D l ] ] [ | l -Resolution
Ph(asel» loc ) 11 -Coherent
re: oI; L, averaging
virtua |III | time (SNR)
-Complexity

Fully Coherent Dual-Comb Spectrometer

Frequency
Reference

Reye ST

Lt

Passively Mode-'
locked
Fiber Laser

1480 nm
Pump diode

|
100 MHz /I

1535 nm

Cavity stabilized Lasers
~10 kHz linewidths
~ kHz accuracy (when
referenced back to comb)

» Can adjust phase-locking points to span different
bandwidths, BW, at different “update rates” Af,ep
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Experimental Setup for Comb Stabilization

100-MHz repetition rate Balanced
rbium femtosecond fiber laser* detection

gy

S <

R

| 31
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Optical Frequency Offset (Hz)

100 MHz 10 THz

i 7\ oo

1.5 um 1.6 um

*L.E. Nelson et al. APB 65, (1997).

Fully Coherent Dual Comb Spectroscopy
Resolving Individual Comb Teeth

A
o | iker JHALNLLL
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Q‘(\aselock
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repetition rate = 100 MHz

500
Complex Optical Spectrum of HCN X
5 .
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194.855  194.860 Convert RF to 17.16 17.18 17.20

Optical Frequency (THz) Optical Frequencies RF Freguency (MHz)

Works great.. But Too Much Data... (100 Msa/s for 10’s
minutes -> ~TerraByte)

Coddington, Swann, Newbury, PRL 100, 013902 (2008)

Real-time Coherent Summing of Interferograms

4 Coherent series of interferograms @Af,~ kHz

‘,\k?’*" llst 1 .

Initial Coherent Dual Comb Spectroscopy: NIST]
Phase & Amplitude of HCN C-H Overtone

Qhaseluck

100MSa/sec I ]
3rd

(=repetition

rate of lasers)

= Increasing SNR requires averaging

" Firehose of data (100 MSa/sec)
= Solution: phase-lock to force
interferograms to be identical

— Real-time sum for coherence time Sum of 200,000 (~ 1 min acquisition)
- A_t longer tlme_s phase_-correct&_add & AL g 8 Ag
= Requires FPGA with real-time summing Gas FID
® Maintains intrinsic resolution of system
— Linewidth is still ~ kHz (comb linewidth)

— Linewidth is not degraded to 1/f,.,~ 100
MHz even though interferogram is 10 ns
long....

® But data burden reduced (x10° — x10) Tsukuba 2011

9 THz bandwidth / 41,000 spectral elements

— 2000-4000 SNR in 2700 sec
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Amplitude/Phase Frequency Spectrum
- Sonogram of Molecule
g
& “Stripes” are rotational recurrences
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Supercontinuum Generation for
Wider bandwidth NIR coverage
Dispersion flattened normal dispersion
ESI;IX Large MOdf highly nonlinear fiber for flatter spectrum
\Area F|ber & low noise**
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omb multipass
T T T
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&b o

Qhaselock
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530 Directly from
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=20 Fiber
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[

1200 1300 1400 1500 1600 1700

« .
Jeff Nicholson, OFS Wavelength (nm)

** Masaaki Hirano, Sumitomo Electric Tsukuba 2011

Improved NIR Dual Comb System

Qhaselock

Supercontinuum

generation

@ 30 m cel

— Supercontinuum generation for

broader coverage

— Programmable FPGA & phaselocking

>10° pnt interferogram length
= large instantaneous bandwidths
= Zero dead time with essentially
unlimited acquisition time
= Highly tunable operation

B \uiipass cell

FPGA

Q\'\aselock

Modest broadening so that
spectral coverage limited

Commercial digitizer

= Limited interferogram
length & instantaneous
bandwidth

= Dead time

Short interaction length
(+ overtone spectroscopy)
Tsukuba 2011

Spectroscopy of Multiple Gases

pnase IOC,{—

Spectral Intensity

Coherently summed interferogram
> 10° points
Afe, =95 Hz

J— 7

>®

@m 500 pW m
—

Q CO, (Carbon Dioxide) — 3 Torr

CH, (Methane) — 500 mTorr

Amplitude

C,H, (Acetylene) — 30 mTorr (‘> : Y : ;

H,O (Water) ~ 30 mTorr

4 6 8
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45 THz Bandwidth

100 MHz point spacing
45 THz/100MHz = 450,000 spectral elements
kHz linewidths

1000 avg SNR over 1.5 hrs

T T T T
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Tsukuba 2011
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Absorbance
Remove laser spectrum through combination of zero-gas and polynomial baseline fits
2.0 45 THz Bandwidth
100 MHz point spacing
45 THz/100MHz = 450,000 spectral elements
kHz linewidths
1.54 1000 avg SNR over 1.5 hrs
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Methane
Methalne CH,) 100 MHz
201 ) ~10kHz
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Dual Comb Spectroscopy with Filtered

SNR Limitations to Dual-Comb Spectroscopy
Dynamic Range / Nonlinearities

Supercontinuum
Balanced
— detection
Source 0m

- N

3 omb multipass Prism Filtered

] ! . .

] Filter cgntlnuum yields

% higher SNR per

unit time
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E Methane centered on
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Q
£
= Full
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Q
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Detecting light pulses:
saturation an issue...

- II“MM
L
S |

Saturated region: Clamped SNR

Higher SNR ¥ ¥y %i¥s ¥y

digitized signal

Linear region: Ideal behavior
Low SNR

I
pulse energy

maximum
pulse energy I:> SNR x (# com%teeth) < Constant

#of spectral 106 t0 107 /VHz
elements

Tsukuba 2011

Nonlinear region: Mixed comb teeth (distortior

SNR vs Bandwidth
100-MHz point spacing

All numbers averaged
across full-width @ 20%

Coherent Dual Comb Spectrometer
at 3.4 uym

Number of Spectral Elements (M = Bandwidth/f,.,)
4 5
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o 1 s, . £
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4 3 output ti E
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S

Referenced to H-maser
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A=)

1500 1600nM 3.4 pum

» Future MIR dual comb spectroscopy sources (brighter & broader):
* CrZnSe lasers: B. Bernhardt et al. Appl. Phys. B 100, 3 (2010).
* Degenerate OPOs: Leindecker et al. Opt. Exp. 19, 6296 (2011).
* Yb Fiber comb + OPO/DFG: F. Adler et al. Opt. Lett.. 34, 1330 (2009); Johnson et al (2011)
*Maddaloni et al. Meas. Sci. & Tech. 20 052001 (2009), Bartalini et al. Opt. Lett. 32, 988-990 (2007),

Erny et al. Opt. Lett. 32, 1138-1140 (2007), Richter et al. Laser & Photonics Reviews 3 , 343-354 (2008),
Asobe et al. Electron. Lett. 44, 288-290 (2008), Takahata et al. PRA 80, 0.2518 (2009)
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Methane Spectrum
Resolved Comb Teeth @ 3.4 um

200 mTorr CH4 Optlcal frequency [THz]
22 cm cell -2 88.0 8.5 89.0
£ ™
- ok ©
(sggfﬂigg = fl §1 differential
A @ 0 comb chirp
3 &1
O =
(Lo 7lan |
. comb °
3
b=
£
=
=
=~
Eet~RRRRSRRRE) T
YTTITIYY 'RF-frequency ]
" 88698 85.699
& R0 T @
% Phase
Measured RF spectrum \ spectrum
» 1 Hz linewidths for raw data | IAmplitude
» <<1 Hz with software phase lspectrum
correction L L
18.4 18.42

Measured Phase/Amplitude Spectra of Methane v3 P, Q
& partial R Branches around 3.4 um

Tune

Step-tuned DFG comb spectrum across Methane v3 band

Wavelength (nm) (2)
P(11) 34I50 3400 33I50

3300

Amplitude

Frequency (THz)

Measured Phase/Amplitude Spectra of Methane v3 P, Q &
partial R Branches around 3.4 um

Wavelength (nm)
3450 3400 3350 3300

Phase

Amplitude

Frequency (THz)

200 mTorr of Methane
4.5 THz bandwidth
100 MHz point spacing P(6)
4.5 THz/100MHz = 45’000 spectral elements
kHz resolution and accuracy

3000 SNR in amplitude & phase

13 min acquistion per spectrum

Example fit to amplitude and phase
(Using 25-MHz interleaved data)

Lines are Doppler-broadened:
Complex absorbance is a(f) é +io(f)

‘ ‘ | Gaussian + i2m/2Dawson
1 } ‘ ’ I

Create interleaved data
by shifting 1064 nm laser
in 25 MHz increments

0.4

P)FL2)Line 1
O/ pr M W Yo WA

o »a

Phase [rad]
o
(=]
|
&
[, 011 sienpisay

-0.4 :
1.0F
44
expanded £ A
view of a g 057 7\ ‘M\f}%ﬂ WV \\"‘/\/\f“/\ 0
. . £
single line <

0.0b@- s )oty\)O . e gD e D 1@

Jipo - 500 _f;.,‘ fiepe + 500
Frequency — 88'368'862.338 [MHz]

. . . : ies?
» Low residuals: Potential for line shape studies? Tukuba 2011
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Nonlinearity Effects & their Correction

Detection nonlinearities can “mix”
Gt amplitude and phases of comb teeth
) » Tooth frequency remains unshifted

P(7) lines » Line center can shift
T T T T T “negative”
o g s “ [~ g = mapping
E I i Average
ék 00 u ¥ w ¥ l B
= I g “positive”
i D« o mapping
<, = 1 e 1 ) 1 | » O

88.365 88370 88375 88380 88385 88390 88395

Frequency (THz)
Positive Optical-to-RF Mapping Negative Optical-to-RF Mapping

“HH]T"IIHHHI“ HHHNNENREE!

E-field

S 8.
S
S 38

S

Methane Line Center Measurements P(6) and P(7)
Comparison to Saturated Absorption Measurements

—> THz —> THz %

Lllll i 111

comb

—> MHz MHz é—— 0

Vg ) » Fit P(6) & P(7) lines
10 B0~ %0 30 = Average phase/amplitude & both “sign

T j ! ! mappings” to suppress nonlinearities
e ) * » Compare to saturated absorption data by Takahata
’

etal., PRA, 80, 032518 (2009)

‘& } /{m = Comb-referenced sat. abs data ~<10kHz accuracy

L

Phase

,.,..Wa
\_.
>

F-eqmc. (THa) <300 kHz systematic
= Line Centers 0.1 % of Doppler width
Z a0 7 F
2 200f b S o
o -$ t i [ 1
5 o—---}-!--I ------ I ------------- === |+300KHz

| L I :

£ -200 _—I I I i 7

S ool L/ !

§ 88,37 8830  88.68 88,70
Frequency (THz)

Methane Line Center Measurements vs
FTIR Measurements

132 calibrated CH4 lines:
» 30-300 kHz stat uncertainty
» 300 kHz systematic uncertainty
» 10x higher accuracy than previous FTIR data

I
Line Centers¥
10 5}
N - . o°
I o ® High resolution FTIR*
= o ° O Hitran** of
= o
s 3% o ©
S -: $ . o K :
o o o
= 0---¢-i-‘-'-3--i----i--'-' PR | I
[ ® @ ® ., 8 ° 8 ) e
_é‘ o o Z o 8 %{9 o
E 5 3 B ®,  R-branch
3 °© °  Pbranch® ° L)
= ° ° Q-Brgnch
8 102 I I I I
88 89 920 91

Frequency (THz)

Coherent Dual-Comb Spectrometer Performance

%@ Accuracy (‘\5) Sensitivity
~ 300 kHz (nonlinearties “managed”) 106 — 107 = <SNR> x (# Elements)
~10x better than High-Res FTIR Better than High-Res FTIR
~10x worse than cw laser sat. abs. Worse than swept laser (multiplex hit)
AL Vet
")/l Resolution (Instrument Line shape) 2= Speed
L gl ¢
frep2lAf,, =10 THz /ms acquisition
Much faster than high-res FTIR
Faster than swept laser

'\:ﬂ? '.
ﬁﬁ:« Complexity

~ kHz for optically phase-locked combs
~105x better than High-Res FTIR
Same as cw laser spectroscopy

.] Spectral Coverage
1-100 THz should be possible

>10x broader than swept laser
>10x narrower than FTIR

Large electro-optic system
More complex than either FTIR or

*Albert, et al., Chem. Phys, 356,131 (2009)
** Rothman, et. al., JQSRT, 110, 533, 2009

¥ Average of phase and absorbance fits
Average of + rf->optical sign mappings

swept laser (but no moving parts)

Tsukuba 2011
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Combing Swept CW Lasers & Combs

Combs & CW Lasers:
Many Systems Demonstrated . . .

Tunable diode lasers offer
*~100 nm tuning ranges

 Rapid scan rates >1000 THz/s in MEMS or Y-branch design
*>10 mW - many Watts and single mode operation. \
* Much higher SNR than direct-comb illumination

But
* Optical frequency is poorly defined during sweeps
(orders of magnitude worse than linewidth)
* Also fastest sweeps will not be linear (but quasi-sinusoidal)

Goal:
» Use frequency combs to track the phase of a swept laser

¢+ With high accuracy
<+ At high speeds
* Over arbitrary waveforms

2.

[ i {_owan
v e & | ouny

o = Y

Clocks.... B s :

Jiang et al., JOSA B, 24, 2727 (2007)
Takahata et al, PRA, 80, 32518 (2009)

ounte
absolute

frequencies Oscilloscope
T-A. Liu et al., OE 16, 10728, (2008).
Ma et al., JSTQE,9, 1066 (2003)

" step

=l 4 oz tuning

Kim et al., OE., 16, 258, (2008); 17,10939 (2009).
Park etal, OL., 31, 3594 (2006)
Fortier et al. PRL 97 163905 (2006)

fast
tracking

smooth
tuning Del'Haye et al., Nat. Phot. 3, 529 (2009).

How fast a laser can be

Jost et al, OE., 10, 515 (2002) °
tracked with combs.....

Schibli et al., OL., 30, 2323 (2005)
Inaba et al AO, 4910, 45(2006)

Tracking a Fast Swept Laser
Basic Approach: Heterodyne laser against comb & digitize (fast)

Swept CW laser + Dual Comb Spectrometer
Absolute Frequency Determination

» Slow
Now: ] Wavelength » Absolute frequency
: Future: meter » Commercial

Telecom-band Mid Infrared
Exter[]al Cavity ICL/ QCL? Etalon + gas cell| » ¢

aser aster
\ / S » Dispersion limited

[ > >Qqes accuracy/resolution

1111 n ﬂ>ﬂ ﬂ n > Simpler

| Brent VW g Comb ]

a0y ingle Comb > Quite fast (20 nsec/point)
Lt Spectrometer | > Relative frequency with

kHz resolution/accuracy

L |-

Dual Comb » Sub-msec speed
Liu, et al., Opt. Exp., 16, 10728, (2008). Spectrometer > Absolute frequency with
Del’Haye etal., Nat. Photon., 3, 529, (2009). D, kHz accuracy
Giorgetta, et.al., Nat. Photon., 4, 853, (2010) | (1000x wavemeter)
Barber, et. al., Opt. Lett., 36, 7, 1152, (2011). > More complex
Coddington, et. al., JSTQE (Invited), IEEE

Early Access, (2011)

F190.1234
= >
Q
E
o 3
= o Absolute
w
P - frequencyf
s Time (THz)
o
<
g
[
I 1-190.1233

A A
fl’ _—)
—
A 4 A A A A A
CW laser

Maximum sweep rate (chirp) <f, Af.=0.1-1 THz/s (0.8-8 nm/s)
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Swept CW laser + Single Comb Spectrometer
Fast Relative Frequency Determination

=
|
=
N
o
&

0,%

1’%

fLaser VS. time

Heterodyne Frequency

CW laser f—s

Example Measurement of a Fast Swept Laser
MEMS-based ECL

Maximum sweep rate (chirp) <f, f, /2 =5,000 THz/s (40,000 nm/s)

Controller
- Dual-comb Spectrometer
Y | e
10 ms
194
2 § ~ Chirp rates > 10%5/sec
< dé—g (10,000 nm/sec)
%L 190 Accuracy ~
5 | 30 kHz/ps
=8 gg 1 (1.5 MHz @ 20 ns)
iS5
g ~ %
g 14
2
- 0 Time (ms) 100

g ;z;) s

1. Coddington, et. al., JSTQE (Invited), IEEE Early Access, (2011)

Fast, Calibrated Swept Laser Spectroscopy of Methane

NTT Ridge
Waveguide PPLN

\ Fluoride
foer | s InAs
=il ‘;:"‘\WL:‘®

edge
DuaI-CO?b spectrometer| vy

Chirp ~200 THz/sec (7,000 cm-*/sec)

120 Hz
sine-wave

MEMS
laser

SNR: ~10000/+/sec

«— 100 usec —»

Rapid Measurements of Changing Lineshape

3 500 T o o i e e 220
> < 215 &
2 400 o =
5 300 210

o .
£ = 205 3
= 200 = £
= —
5 a 200 8
= 100 8 | E
£ 2 methane P(6) lines 195 o=
5 o g 5
® 4 6 8 10 7] g

Time [ms] 9.36 9.40 9.44 9.48
Time [ms] Tsukuba 2011

Air
1.6 ms (300 Hz mod)

Frequency
100 GH.
(@} ['ga
= e

"
_%’

Time
Single P6 line
<—— (2GHzwindow) o
1000 — I

. 3 12 3
E] = 800+ F =
el = =
= £ o8 §
> Q
3 2 600 L 2
2 2 04 &
= S 400 =

040 044 048 052
Time [s]

-1.0 -05 0.0 05 1.0
Frequency [GHz]

(can be known to parts in 10') 10-20x faster should be possible ~ Tsukuba 2011
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Conclusion

" Coherent dual comb spectroscopy
— Can resolve individual comb teeth
— Measure phase and amplitude
— Collimated laser beam compatible with long interaction paths

" Dual comb measurements
— Demonstrated in the Near infrared (up to 45 THz)
— In the Mid-Infrared through DFG

— Potential applications in highly accurate spectral measurements over
broad bandwidths (line centers, line shapes etc.)

— Overall performance “between” High-Res FTIR and Tunable Laser
Spectrometers (in BW and SNR)

" Comb-assisted cw laser spectroscopy

— “Track” tunable lasers at Petahertz/sec rates with arbitrary (and even
discontinuous waveforms)

— Greater SNR than dual comb spectroscopy (if tunable laser exists!)

— Potential applications in characterization of fast swept lasers & rapid
acquisition of highly calibrated optical spectra

Tsukuba 2011
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