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Quantum cascade lasers frequency
combs in the mid-infrared and terahertz
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Optical frequency comb

= Source with equidistant optical modes

i A

= |ncredibly useful!
= Links the accuracy of an optical transition (10-'8) to the one of a microwave signal

I E I I ER 6 FEBRUARY 2014 | VOL 506 | NATURE | 71
doi:10.1038/nature12941

An optical lattice clock with accuracy and stability at
the 107 level

B. I. Bloom"?*, T. L. Nicholson"?*, J. R. Williams"?f, S. L. Campbelll'z, M. Bishof"?, X. Zhang"z, W. Zhang"z, S. L. Bromley"2
&I.Ye"?

Both clocks stabilize their lattice laser frequencies to a Cs clock via a
self-referenced Yb fibre comb, and their trapping light intensities were
stabilized after being delivered to the atoms. The lattice vector shift was

Departement of Physics /Institute for Quantum Electronics /Quantum Optoelectronics Group



Frequency combs ¢ evolutionary tree

A
Q;n,- % ALZ N
trace gas

R ) YLV ¢omb and ; planet searches
harmonic generation

extrasolar

_,a‘i. A _ continuing expansion
- i

of universe ?
Fourier transform coherent

Spectroscopy - control wave form

synthesis
j calibration of
"-'| f i - F .

astronomical spectrographs

frequency comb

SpPECtroscopy ' N : 3; -

low-noise : :
frequency synthesis } “F“ﬁ'-t "* tests of

—

i

P:. fundamental physics
attosecond
science

frequency length
measurements | measurements

self-referenced
octave spanning
frequency comb

carrier-envelope
phase control
i r
A time - frequency
mode-locked transfer
femtosecond laser

Credit; T. Udem



Frequency combswevolu’rm hary free
o ALz b
trace gas

R YLV ¢omb and ; planet searches
harmonic generation

extrasolar

I ¥ A _ | continuing expansion

of universe ?
Fourier transform coherent

Spectroscopy - control wave form

synthesis
j calibration of
"-'| f i - F . .

astronomical spectrographs

frequency comb

SpPECtroscopy ' N : 3; -

low-noise : :
frequency synthesis } “F“ﬁ'-t "* tests of

—

i

P:. fundamental physics
attosecond
science

s frequency length
measurements | measurements

self-referenced
octave spanning
frequency comb

carrier-envelope
phase control

o :
A time - frequency
mode-locked transfer
femtosecond laser

Credit; T. Udem



Frequency combswevolu’rm hary free
o ALz b
trace gas

R YLV ¢omb and ; planet searches
harmonic generation

extrasolar

I ¥ A _ | continuing expansion

of universe ?
Fourier transform coherent

Spectroscopy - control wave form

synthesis
j calibration of
"-'| f i - F . .

astronomical spectrographs

frequency comb _ N - "
spectroscopy ' Yol a *-'
low-noise : :
frequency synthesis Y “F“ﬁ'-t "* tests of
; | P:. fundamental physics

—

i

attosecond
science

frequency length
measurements | measurements

self-referenced
octave spanning
frequency comb

carrier-envelope
phase control

]

L

QCL

time - frequency
transfer

Credit; T. Udem



What is a comb?

Array of N independent DFBs combined:

line-to-line frequency noise
P is uncorrelated

Blai — w5) 2 V/33(w;)

¥

: line-to-line frequency noise
Optical frequency comb: L 9 y

is correlated
Bt
oy — wy) << d(wy)
0
Noise
' Locking

The beat tone has a very narrow linewidth in a comb

Still, the array source may still be very interesting for some applications!!!

IQCLSW 2014
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Need to lock the modes!

IQCLSW 2014

Departement of Physics /Institute for Quantum Electronics /Quantum Optoelectronics Group Jerome Faist | 9/9/14 | 7



First mode locking

= Christiaan Huygens noticed that two pendulum
clocks would synchronized themselves if hanged at
the same mantelpiece

= Due to a small mechanical coupling between the
pendulum

Christiaan Huygens
(1629-1695)

IQCLSW 2014 J Faist | 9/9/14 | 8
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Can be generalized to many pendulum!

= Here for 32 metronomes are synchronised

P
hn'r'!'Ha.i*

Bu=Eo i N
X O/ —LA[EHE (3218)
Synchronization of thirty two metronomes

20125091408, HOFREME T (CTRE
Fimed at Ikeguchi Laboratory, on Septermber 14, 2012.

IQCLSW 2014
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Works also for laser

= |njection locked lasers

) )
[Master Iaserj—“}[ Slave laser J—}r
Pinj P,
Locking range: Adler’s formula
: . . 200 | Fins
mn = M, o= Wo < AWigek with DN e = QD ;;j

= How do you get to lock different frequencies?

R. Adler, “A study of locking phenomena in oscillators,” Proc. IEEE 61(10), 1380-1385 (1973)

IQCLSW 2014
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Use non-linearities that couple different
frequencies

IQCLSW 2014
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Non-linear polarization

Harmonic potential Anharmonic potential
Electric R Electric , Levels
feld Levels field
T 1 1
— En = Roln+ =) Ey # hwin+ =)
e - 2 2
Electron e Electron
motion ‘:_-_-_ "~ motion
=,
Linear susceptibility Non-linear susceptibility
FPi = eoxii kj P; = eoxijEj + 2dij Ej Ex + X Ej Exv By + ...
IQCLSW 2014 Jerome Faist | 9/9/14 | 12
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Two — level systems are non-linear!

= Optical gain in an harmonic potential is not possible
= Active material must be also non-linear!

= Two-level systems have (at least) third order non-
linearities

= The latter will generate sidebands

(w1 twatws)t
Prp(w;wi,wa,ws) = 4Xijr By By Bre @102 =es)

= Energy conservation for single frequency fields

Y

W= W] T~ W9 I— W3 “‘

IQCLSW 2014
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Another non-linearity: saturable absorption

Low intensity
1
T le)
| X K ] | g)

Saturation

jr e)
e e
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Saturation of the absorption

1
085 = R
_'—"_'_'__'____
0&s -
ik

(]| / u-{f} —
14 3/ Lk

ors

u?- ] 'l Il

L] LI E. i 1.5 2 25 3

s

The transmission of high-intensity
pulses is enhanced
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Mode-locking

= Using a saturable absorber to mode-lock
= Round trip gain for pulse is larger than for c.w. operation

Gain (slow) Saturable absorber (fast)

s T
Mi - g

= Result: train of pulses e

IQCLSW 2014
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Locking of N modes

(c)N=6 modes, all in phase

LI

(a) N=4 modes, all In phase

|11

(d) N=8 modes, all in phase

BININNINE

(b) N=6 modes, all In phase

L[]

(e) Gaussian spectrum,
all In phase

I”“ FWHM =4

) j\ j\
Departement of Physics /Institute for Quantum Electronics /Quantum Optoelectronics Group L 1 A t
t=0 t=T




Time domain picture

= Time domain approach (fast saturable absorber)

= Equation:
1 0 _ g 0° 5
4= _ ¥ o = -
Tp o7 =9 Hat Q2 o a+7lal"a

= Solution a,(t) = A, sech(¢/7)

2g 1

= Pulse duration: 7= V—A%Q_g

~ inverse gain bandwidth

= For broadband QCL, would be 50-100fs
= Equation similar for Kerr combs

H. Haus, “Mode-locking of lasers,” IEEE J Sel Top Quant, vol. 6, no. 6, pp. 1173—-1185, 2000.

IQCLSW 2014 Jerome Faist | 9/9/14 | 17
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Saturation also valid for the gain!

Tup/Trt =5 1 (solid-state lasers) Quasi-cw, behavior

Tup,.‘r‘i"rg < 1 (QCLs) instantanecus saturation

IQCLSW 2014
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In QCL the gain saturates fast

= Very short upper state lifetime -> cannot store energy

Simulation of a pulse propagating in a QCL (rate equation)

25 3
5 55 2ps pulses
| n,
2 2
w 15
3 =
= 4 n, g 1.9
E
1 JW,
0.5 " fe=3
0.5
ﬂ i i i
0 5 10 15 20 25 30 0 : :

0 05 1 15 2 25 3
Distance (mm)

= Passive mode-locking very difficult..

IQCLSW 2014
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QCLs can be modulated fast (active ML)

= No resonance, low pass filter transfer function

|h(w)]? = (D 0% R. Paiella, (2000-2002)
Lt (En 20+ -2 S. Barbieri, C. Sirtori (2007-)

up

= However very Short Tetim at h|gh powers B. Hinkov, IQCSW poster

2 2 _
W= W TstimTp Round trip frequency (3-6mm L)
1.000 /= S ememas T . .
e Two-section device
0.100 ] b S RF + DC DC
= 0050 ~_
0010 N
0.005
0.001
VAN
0.1 1 10 100 1000

Frequency v (GHz)

IQCLSW 2014
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Active mode locking in QCLs:

= Designs with long upper state lifetime

(a)

| = A 0o RE

A ' ,_m: PO I T S TP CRgr.. o
e e | e

-"-‘/';J‘JL—"" e — 3 m uUWu'u 'J}'w”\w 17.!09

B WL. S :‘: T | A w‘lm o VT8 Gote
5 A CIEIS I s — ,.m.g

| Ipocio | . .. .08 G

Regen - e
120 1980 %0 =
Wavenumber (cm )

Poaltion

C. Y. Wang,et al., ” Opt Express, vol. 17, no. 15, pp. 12929-12943, 20009.
= THz QCLs

IQCLSW 2014 o S. Barbieri et al., Nature Photon, vol. 5, no. 5, pp. 306-313, 201/1.
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Limitations of active mode-locking:

= The minimum pulse width T now depends also on the
round-trip frequency Q_
= Neglect the gain saturation -> will make things worst

T=2 29
MQ2,02

= As aresult, one gets 1-2ps pulses for typical values
= 3mm device, modulation depth M=20%, Q2 = 200cm' FWHM gain

A. Siegman
H. Haus, “Mode-locking of lasers,” IEEE J Sel Top Quant, vol. 6, no. 6, pp. 1173-1185, 2000.

IQCLSW 2014
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Another possible picture

= Frequency domain approach (modal decomposition)
= Coupling of discrete modes

IQCLSW 2014
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Three mode laser

= Taken from a classic paper:

[ BCH BT B S B L L - T B I Y L - H (O |

Theory of wn Opticnl Wazer®
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g = EWE |

= Injection at w; will yield three mode operation (with equidistant frequencies)

IQCLSW 2014
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Mode-locking as a injection locking

g = 2{.&2-— W1

( Oscillator O, )\ X(3)
( Oscillator  m, )-/Y

( Oscillator m, )

IQCLSW 2014
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Mode-locking as a injection locking

Wy = 2w2 — W1

( Oscillator W, )-\ X(3J
( Oscillator ®, )]

C—)( Oscillator maj

IQCLSW 2014
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Mode-locking as a injection locking

Wy = 2w2 — W1

( Oscillator ®, )'\ X(3]
( Oscillator w, jj ——
A (3)

——
C—)( Oscillator )" ____________ |

IQCLSW 2014
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Mode-locking as a injection locking

W3 = 2Wws — W1

( Oscillator O, J\ X':3)

"""""""

--------------------------------------------------------

________________________

________________________

IQCLSW 2014
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Four wave mixing in QCLs

-==» Dispersed Fabry-Pérot modes

Power
>
3 il
A
W
presssrered

/L
7/

frequency matching

phase matching
IQCLSW 2014
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Four wave mixing in QCLs

===» Dispersed Fabry-Pérot modes
—>» Equaly spaced modes =
generated by four wave

hiﬂhd-hr*

Power

N
o
—
—

ME ml wﬁ l':""'F-!

3) 3 frequency matching
P, « X( E
NL

phase matching

| I

IQCLSW 2014
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Four wave mixing in QCLs

===» Dispersed Fabry-Pérot modes

—>» Equaly spaced modes =
generated by four wave

—» Locked frequency comb

COMB
OPERATION

Power

- - - .

- . . o

s 7/ '
Carrier-envelope N w, w W, w,
offset frequency : ]

P, < x"E’

IQCLSW 2014
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Four wave mixing in QCLs

= Measure directly the four wave mixing product

Wq = 2Wo — W1

Rosencher, E. et al. Science 271, 168 —173 (1996).
Walrod, D. et al., APL, 59 (23), p. 2932, 1991.

= Need to prevent lasing to have a quantitative
measurement
= Use double anti-reflection coated devices

P. Friedli, et al., ,” Appl Phys Lett, vol. 102, no. 22, p. 222104, 2013.
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I FARL SCRIRRLE DRETITRR I
o I" =1 ==

— 1 P. Friedli, H. Sigg

Experimental setup

= Mix a DFB QCL with a source operating by DFG (widely
tunable)

DFB-QCL AR-QCL
[@!I
DFG> %
P o) ° -
e NEEN 14 €
% N -0 12 g
Ug)) P FWM-down FWM—up‘ 0 é
1 1 | | 1 _2
60 62 64 66 68 70 72 74 76 P. Friedli, et al., ,” Appl Phys Lett, vol. 102,
Frequency «/2n [THz] no. 22, p. 222104, 2013.
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I FARL SCRARRIN DRETITHR I

@ ==1" P Friedli, H. Sigg

Result: four wave mixing product

= Quantitative agreement with the model

—

> 0.20 — . .
— I DFB-QCL ] ) )
: gig x0.01 6 x0.01w, x® = (0.9 £0.2)x1015 m2V/-2
@A | FWM-down FWM-up

5 0.05}F W k w .

§ 0.00 %= 3 ju\ .___} i AN

3 68.5 69.0 69.5 70.0 70.5

Q Frequency w/2r (THz)
B '

I T L
? ];- = '"""I'E"_'*- i-l.}_.i_tﬁ -
= E # .
- - B Measured FWM .
= Odf ... Modeled FWM & W
L"u,m: A A (e I i
0.1 2 3 4 3 6T7A&9 i 2 3 4 a5

Difference frequency dwf2x (THz)
P. Friedli, et al., ,” Appl Phys Lett, vol. 102, no. 22, p. 222104, 2013.

Departement of Physics /Institute for Quantum Electronics /Quantum Optoelectronics Group Jerome Faist | 9/9/14 | 34



Interpretation

= The beating of w, and w, in the active does modulate the
population inversion in time (and space)

= The resulting modulation in (complex) refractive index
creates the additional sidebands

= |n contrast to normal semiconductor lasers
= |tis fast (<1ps)
= Therefore broadband!
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Broadband multimode lasers

LIV

High Resolution Laser Spectra at -20°C

7 45um 230erm {1.1jsm) 6.35um

L]
i
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- tat

r LR - -
nnnnlv"'|'"'|II"|""l""|""I'"'|""I""I""I""I""I""I""l"z_o e i ha . b b
0 100 200 300 400 500 600 700 Wavenumbers (cm )
Current (mA)
EPI-UP mounted Center wavelength 1440cm' (6.94um)
. — (o)
6 mm long device AN =16%
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Is it a comb?

= Measure the (high resolution) spectrum Av = 0.0026cm' (80MHz)

AN L WO W Bl Wi M I

. A e 8 L A8 L e 0l LA IO L | Wil |
1421 1422 1423 1424 1425 1426
-1
Wavenumbers (cm )

= Does not tell anything about the correlations!!
= The measurement of g(Y) does not yield the phases either
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Is it a comb?

= Beat note measurement of the photocurrent (at 7.5GHz)
= For modes of amplitude E,, the photocurrent at Aw

1r -
F-d bS]
]H 1% = BxBis cos(de1 = 0%)
& Frequency
QWIP
Detector
QCL Comb

= I

Spectrum
Analyzer
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Fast detector

= Use an intersubband Quantum Well Infrared
Photoconductor (QWIP) detector

zero bias
hy 7
Emitter
\ n—GaAs

AlGaAs
n—GoAs

under bios

Collector

Detector: H.C. Liu
Ref: H. Schneider and H.C. Liu, Springer book
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Beatnote spectrum

= The very narrow width confirms the correlations between modes

= Uncorrelated lines could not be narrower than Schawlow-Townes (100’s
Hz)
= However the signal is only about 2% of the c.w. photocurrent

N -90 A 33 : 1 T Q{-'I..J['umh !;iluw:lrm.u
& -1001 CAT
%—110 E 102
) = ;
J = 104
% -120 ] =
™ 1301 .
) E 1380 1400 1420 1410 1460
-140—, ' ' ' ' -z, Wavenumbers (cm')
-200 0 200

Frequency (Hz) + 7.49999 GHz
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“Time jitter” measurement

= Photocurrent is a “classical way’ of measurlng noise

g o i f— — .k
Noise nf Mode-Locked Lasers R i
I 2 Ha dr Fedca MO0F ol [ ) '}'
E 1k 14
f o N
m - wr -~
Mwuancy ]

= Combines the relative phases of the modes
Geometrical interpretation

However, the quantitative analysis
assumes a mode-locked output with
single pulses

jlaw) E EiEriy1 cos(@rsr — Pk
k
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Compared to the linewidth of a single line

QWIP
To FTIR
Single-mode [} Detector

DFB-QCL :
s IE{ ;

g

-
=]
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. | .=,!U_‘_; '
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What about the phases?
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Effect of random phases..

(h) N=8, equal amplitudes,

(f) N=8, In phase, random random Dhajja

amplitudes

Lal.il

(1) N=8, equal amplitudes,
(g) N=8, In phase, random random phases

amplitudes I l l I I ‘ I ]

. : Y
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Optical frequency comb

—E-field —Intensity f=fr:en+nfrep
. ——AT : |
. ; . i i) 1”5
g_ %%— o il I FEA:; i b%ﬂw_- ¢ =1 e !D‘J: _f‘._‘_
: =L,
| N VAPETE W 1 =
Time Frequency
P =
o
= Hin 3
w =
o1
-
< »  Time Frequency

=
E(t) = Egcos (2mf .t +mcos (27 f,..,t))

Ja

m —
frep
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Frequency to amplitude conversion

= Optical discriminator: frequency dependent absorption

= FM -> AM conversion

A
Transmission,
Intensity

— >
_:‘“:H; Af Frequency
e, 1

i fn
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Optical discriminator - FM nature mode locking!

Wavenumber (cm')

| 1380 1420 1460 1500 701 —____ _\With discriminator
g = -801 16 4B 1 '—No discriminator
g - - et f |
E \/ Output I 1 = 90
= o AM-signa L 1001
E o
E { Laser : % -110-
= |spectrum A 1904
=
; 130 _,
Input — Polyethylen 7.44 7.46 T.48 7.50 7.52
FM-signal transmission Frequency (GHz)

Sheet of polyethylene acts as an
optical discriminator

A. Hugi, et al., Nature, vol. 492, 229-233 (2012)
| |
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Is it a surprise?

= QCLs are “type A” lasers

= The medium follows the optical field dynamics
K<< 7L,721

= Similar to gas lasers such as HeNe (red alignment laser)

Yolome 5, Mumber 10 APPLIED PHYSICS LETTERS 15 Mavember 584

FM OSCILLATION OF THE He-Me LASER!
5 L Haormr
Lamiualtanl e Sylvanie Fleviomie Syiema
Muualain Y=, Californin aned
Larpatiiree ng of Ebcoarid] Fuginencrning
Slandord B nivarsiy, Cablorna

Huwserdl Turg
Floayipiany [wloioag | alumalingy
Svkanid ERCiTeme Svalemi

Mownwnn YView, {aklncn
{intermhl phase pertarbation: imterferametry: KIOF crysesd; £} Mevened 3% S pember L)
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Modal decomposition approach
Two-level systems (intersubband)

$721 Broadening

722 | ifetime

2

coupling ()p

| —

J. B. Khurgin, et al Appl Phys Lett, vol. 104, no. 8, p. 0|81118, Feb. I2014.
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Modal decomposition approach
Two-level systems (intersubband)

2 =—%721 Broadening

F}.' - a
coupling QR 22 Lifetime
1

Fabry Perot cavity with equidistant modes

An

Vn

nc
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Modal decomposition approach

An

U

Departement of Physics /Institute for Quantum Electronics /Quantum Optoelectronics Grou

Two-level systems (intersubband)

2 e——3}721 Broadening

— Motion of p
coupling (), 722 | ifetime |
= . % (8.
dt E*

Fabry Perot cavity with equidistant modes

. VVVVVVVA LB
2 TAVAVAVAVAVAN (v~ o) Ao = rog”

. J. B. Khurgth, et al Appl Phys Lett, vol. 104, no. 8, p. 0|81118, Feb.l2014.

Motion of mode A_



Time dependence of the mode amplitude An

= Modal expansion formalism

» N/2
b= (Gn—1)Ap —iDyAn — G Y A ArA; BiCriikimn
A

di / kl=—N/2 A

Four wave mixing driven by
population pulsation:

- Spatial hole burning

- Self Gain Saturation

- Cross-gain saturation

Gain Cavity Dispersion

IQCLSW 2014
Departement of Physics /Institute for Quantum Electronics /Quantum Optoelectronics Group



FWM terms are resonant!

” N/2
kl=—N/2

= Qverlap between modes

1 [t
— / sin(ky,z) sin(k; 2) sin(kg z) sin(ky, 2)dz
0

Rn,l,k,m = /
c

= Width of the gain curve (and FWM process)

V12 1 1
B = —
i 217 (—i’ylg — lw i’ylg — kW) W = 2_7T
L

rt

= Population population beating

22
Oy —
i Y22 — Z(l — k)w
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Simulation results

Typical diode laser z
o WRVT

Mode number Tirvwer {units of ¢ ) Frequency (units of 1';!

; (a)
(x|
2

with saturable absorber

> g
@ 008 & 10
§ g b) 3 ()
P s @ 100 £ 10’

0.04 g ]
L ) ® 10
g 0a2 g g

c oLt : | e 0 ' . . s ’ xc '
3&: 2 o0 20 = T 1 2w O 20 40
Mode numbes Time (units of = )« Fraquency (units of ')

t,y~ 1ns
1:21 (absorber)=1 .0 ps, 1:coh(absorber) =0.1 ps
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Simulation results

Typical diode laser

g
gnm: E g 1’ T"n- —
0.04) 2 ' g
| 3 & 10" % I
E AT
. _ £ -
E 9 2008 -3 Enﬂ 1 S " a 20 40
Mode number Time {units of 1)) & £raquancy (units of <)

with saturable absorber

§ 2 (b) § (©)
; 005 @ 100 g ‘v-
0.04 g B
L ) ® 10
g 0a2 g ~ g
0 od——4 ; 0’
3&: 2 0 2 £ T 1 24 Vo 20 40
Mode number Time (units of = )« Fraquency (units of ')
t,y~ 1ns

1:21 (absorber)=1 .0 PS, 1:coh(absorber) =0.1 PS
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Self-FM modulation in QCLs

Typical QCL without
dispersion
gn.a- B -
@ 02|
-
a
- :
o oS 1 1.8 i
Mode number o Time {units of ¢ )
glf , "E.
T @ -
. :
g‘“’! g al _l.ll L
g o oo =
P e fa U
9 5 W 16 20 298 0 05 1 15 2
Frequency (unitsof ') = Time (units of 1 )
t,,~1ps, no saturable absorber

J.B. Khurgin, et al Appl Phys Lett, vol. 104, no. 8, p. 0|81118, Feb. I29514'



Use a dual comb technique

=  Mix two combs optically: benchmark one comb with another one
A. Schlatter, et al, Appl. Phys. B, vol. 88, pp. 385-391, ( 2007)

Direct radio frequency—optical
Combo Comb frequency link

Detector A 1 + t

b A
z 1 ||2 |3 [N-1] [N
&I 1
e .f:;j - - » .f.:! >
A f i Y

= Used also for spectroscopy (see G. Villares’ talk)

S. Schiller, “Spectrometry with frequency combs,” Opt Lett, vol. 27, no. 9, pp. 766—768, 2002.
Keilmann, F., et al. Time-domain mid-infrared frequency-comb spectrometer. Opt. Lett. 29, 1542—-1544 (2004)
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Setup: mid-IR dual comb spectroscopy

Lens A/4

Comb1

Comb 1 e—

Comb 2 e—

Lens A/4

Comb 2

Characteristics
« Compact setup (65cm x 65¢cm x 25¢cm)
* No cryogenic cooling needed

6 mm long
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Free running heterodyne beat measurements

Heterodyne Beat amplitude spectrum

| Important numbers:
170+ Lines = 100;
Spectral coverage = 25 cm™’
i frep = 7.5 GHz
< 160 At = 10 MHz
2 Sampling = 0.25 cm"
S 150 =
)
(Yo}
S 140- -
o
>
130+ -
AL
n
120 . | | L A WML |

o 100 200 360 460 560 600 760 800 960 1000
Frequency (MHz)
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Free running heterodyne beat measurements

Down- mixed comb line >
100 kHz

RBW = 30 kHz
Integration time = 30 ms

Electrical power (dBm)

Frequency (MHz)

Limited by the relative drift of the combs

Departement of Physics /Institute for Quantum Electronics /Quantum Optoelectronics Group G Vlllares et al" Nat Comm (In pr@SS)



Comb equidistance measurement

= Measuring frequency differences removes the CEOQ fluctuations
= The equidistance in the RF domain mirrors the one in the optical domain

Wy = WD + i

R\ Eﬂl‘l’]b 1
11 | Spacing Aw
_ NN |
:g 18 | w
o Wi = e +
Q|
e Comb 2
Spacing Aw’
n_m ll]-

= -f ﬂ_.-ll'"-tll\__;.'i' l"'-.'ll#-‘.lri'

Alwego) + (18w’ — nAw)
Alweso) + (1AW — nAw) + NlAw' — Aw)

HHHIH g

ho f ;;—,r.,+ M(Au! — Aw) J A periodicin RFL
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Stabilization and comb equidistance

measurement

Lens A/4

Band pass

Comb 1 —\]

—y

Frequency counter

filter @ 30 MHz

Band pass

Comb 1 e—

CoOMDb 2 e——

@ 70 MHz

Frequency counter

filter @ 30 MHz

Band pass

Lens A/4

@ 30 MHz

Frequency counter

Filter @ 158 MH3

NDF Lens
. T | 1 | Tr\ Spectrum
QCL driver Comb 2 1 | {\, | 1” Analyzer

kctincal

Fower |[dBm)

LA L

Frequency (MHz)

@ 10 MHz

Trigger and gate
time control

Frequency standard

@ 10 MHz

Freg. discriminator

Band pass
("WV/MHz)

filter @ 20 MHz

Pl corrector

P. Del'haye et al, Nature, vol. 450, pp. 1214-1217, 2007
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Equidistance between peaks

Equidistance measurement: — f Eﬁﬂ _ S lﬁ}fﬂ
" AM =8 | .
f{]i-ll AN=5 ;..: f1 f2 E
:Eﬂ -40- E :
!.i’ -504 « Av=8MHz
% «>
o -60- ‘
g I |
E -704 ,'lw. kd ' . II|||
E “ | W l" Lall L
-gujﬂi_;ﬂ'w W"rmﬁw I %Lll[ »mli Hﬂqu qﬁ M\L Nﬁ .ﬁM MLN M 'Wl'fdh |
// /]
' ' 1 ' J 17 T
30 38 70 78 160
Frequency (MHz)

G. Villares et al., Nat. Comm (in press)
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Allan deviation

Results: mHz level accuracy

Histogram of the daviation from equidistant spacing

200

A1 |
10 180} = _5.6mHz i

160

| Measurernent bandivedth = 16x FSR = 120 GHz |

140/ & = 558mHz
@ 120
E 100
1012} c
Y 80
50
40
20
1012 . 0
102 10" 10° 10 S N e I

Deviation from equidistant spacing (Hz)

Time (s)
= The round trip frequency is 7.5GHz

= The individual comb is equidistant to a level of 5x10-'3
G. Villares et al., Nat. Comm (in press)
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Noise limits of combs

What is the ultimate linewidth of a comb?
= For c.w. lasers, we have the Schawlow-Townes limit:

Thy Av.? g, ns

Av = (14 afgp)

P Otot M3t — N2t

= Very narrow, because
= QCLs are powerful (10-100mW c.w.)
= QOperate at long wavelength (5-10um)
= Build with low loss cavities (~6mm cavity)

= However, for QCL this linewidth (~100Hz) is usually much
narrower than the one due to technical noise (100kHz)
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Use again an optical discriminator

A
= Measure the frequency g ap o AP
noise power spectral i
density (PSD)
= |s the amount of frequency
noise at each frequency = >
. . .-'E"-'\-:_! Af requency
= Technical noise decreases ;Ir'-'-'-i---h—
. { b
with f (1/f)" <
= Schawlow-Townes is flat [ A,
PSD u
\ cst
Log(f) |
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How broad can we make combs?

= A great feature is the self-referencing

* |t needs an octave-spanning comb
= or at least 2/3 of an octave

Departement of Physics /Institute for Quantum Electronics /Quantum Optoelectronics Group Jerome Faist | 9/9/14 | 66



An octave-spanning semiconductor laser
1f 2f

= —no filter

s 1 ——low-pass filter

% 0.1 —high-pass fjlter

)

£ 0.01

$1E3 M

§1E4 . T

Z 18 26 2.8 3.0 3.2 34 -
F,eque,,cy [THz) C.w. operation

= 4 25K

=< 0.1 Milliwatts output

2 0.01

s

c

o 1E-3 0 >

i ->M. Rosch’s talk

= 1E-4

g 1E-5{) | | ' octave ' l | |

1.6 1.8 2.0 2.2 24 26 2.8 3.0 3.2 34

Frequency [THz]

M. Roesch, G. Scalari et al., ArXiv (2014)
| |
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Outlook

= Shown that QCL can operate as FM combs

= Hard experimental proofs:
= Beatnote and beatnote spetroscopy
= Equidistance measurement
= Quantum noise limit

= A numerical model agrees with the experiment

= Nice to have a theory that could quantify the locking
criteria

Departement of Physics /Institute for Quantum Electronics /Quantum Optoelectronics Group



ETH

Bidpendisisehe Technische Machse

Swtuc Fagderal lmutitute of Toe

FIR t?m MG Scalar=

D. Turcn

a2 - ¢ 9%
etfMatSFal €. M

MFCA014 ‘ )



