
Frequency noise and phase-locking of a QCL-pumped, 
1THz gas laser using a 1560nm frequency comb

J-F. Lampin, 1 A. Pagies, 1 G. Santarelli, 2 J. Essler, 3

W. Hansel, 4 and R. Holzwarth 4, Stefano Barbieri 1

1Laboratoire IEMN, CNRS and Université de Lille, 59652 Villeneuve d’Ascq, France

2 Laboratoire LP2N, IOGS, CNRS and Université de Bordeaux, 33405 Talence, France

3 Virginia Diodes Inc., CharloResville, USA

4 Menlo Systems GmbH, MarVnsried, Germany



2

Ø Opera'on and performance of mid-IR QCL-pumped, ammonia laser at 
1THz 

Ø Measurement of frequency noise using a fs-laser comb

Ø Comparison with CO2-laser pumped molecular laser at 2.5THz

Ø Phase locking to a fs-laser frequency comb

Ø Conclusions

Outline
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mid-IR QCL-pumped, ammonia laser (NH3)) at 1THz



QCL-pumped FIR molecular laser at 1THz
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1st excited state

Townes “Maser transi>on” at 2.8GHz 

Ø The pump saQ(3,3) transition is NOT reachable by a CO2 laser
Ø Both the MIR and THz transitions present high dipole moments of 0.2D and 1.05D 
Ø Fast non-radiative relaxation rate: s(3,3) 1st excitedà s(3,3) ground state 
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Maximum theore-cal efficiency: 18.5 mW/W

Ø 55% of max. efficiency (= ½ nTHz/ nmid-IR ) reached
Ø need to op-mize the design to increase further the output power

A. Pagies et al., APL Photonics, 1, 031302 (2016)
M. Micica et al., Opex, 26, 21242 (2018)

10 mW/W

NH3

50cm-long, 1cm-diameter
copper tube

8mm

pressure 1Pa

The first QCL-pumped FIR molecular laser at 1THz



0.7-5.5 THz

Based on 
HITRAN 
database

Blue: 15NH3
Red: 14NH3

M.-H. Mammez et al.,
SubmiBed

Small part (>1000 laser lines!)

NH3 : a large number of laser transi4ons in the THz range 
In collaboraJon with: Laboratoire LPCA, Université du LiBoral Cote d’Opale – Laboratoire ISMO, Université Paris Sacaly, 
SOLEIL synchrotron 
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P. Chevalier et al. Science
366, 856 (2019)

M. Wienold et al. Op@cs Express
28, 23114 (2020)
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Other recent works



Why pumping with a QCL ?

Advantages:
• Compactness
• Low power consump0on
• Con$nuous tunability

Drawbacks:
• Lower power
• More sensi0ve to feedback

A comparison with CO2 laser-pumped FIR lasers:

1) Can pump light molecules with high dipolar moment:
àHigh gain
à Fast relaxation
à Frequencies OK for applications

2) Can access frequencies previously not accessible with CO2 lasers

QCL-pumped vs CO2 pumped THz lasers

What about the spectral purity?? 
Mid-IR QCLs linewidth (1MHz–10MHz) typically ~103 0mes larger that CO2 lasers (1kHz-100kHz)

Larger linewidth (higher frequency noise) expected



At 1Pa transi+ons are Doppler broadened:

à

MIR à THz modula.on transfer
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Measurement of frequency noise using a fs-laser comb



Beatnote genera)on using a harmonic mixer

fbeat= (3 x 36) x fLO - fTHz =

= (1080 – 1073) GHz = 7GHz

Harmonic mixer
x 36

Local 
Oscillator

30GHz

THz molecular
laser

fTHz = 1073GHz 

|dfbeat|rms = 108 x |dfLO|rms + |dfTHz|rms

if 108 x dfLO << d fTHz

Ø The frequency noise (FN) of fbeat is a copy of the FN of fTHz

à Need a low phase noise LO (dfLO is mul)plied by 108!)

Tripler

fLO= 10GHz



Phase noise of fs-laser comb repe22on rate

Very low phase-noise fundamental oscillator à suitable for our experiment

ØHarmonically mode-locked 1560nm laser comb, with 1GHz repe==on rate
ØPhase noise at 1GHz extrapolated from a bea=ng with a fiber laser (195THz) 

stabilised on a high-finesse cavity 



Experimental setup: measurement of frequency noise PSD
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Beatnote spectra
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Lamb dip transfer

Ø Lamb dip transfer: well known effect in THz molecular lasers produced

by stronger satura<on of the mid-IR transi<on when the QCL is pumping

at the line center

See for example T. A. De Temple et al., J. IR MM Waves, 7, 1-41 (1983)

Doppler linewidth

Obtained by scanning the QCL frequency across 

the pump transi<on



Effect of Lamb-dip transfer on mid-IR à THz modula;on transfer

Ø Close to the center of the line à 2 points of minimum noise-transfer
Ø Away from line center à noise-transfer ruled by Doppler effect

0.73THz line of formic acid
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Frequency noise of QCL-pumped THz laser

Ø Varia%on of modula%on transfer observed on noise spectra 
Øfrom b-line crossing à linewidth < 5kHz on 10ms integra%on %me 
ØBelow ~30kHz à ~ “technical noise” compa%ble with mid-IR QCL frequency noise
ØAbove 30kHz à THz laser frequency noise (possibly limited by current driver noise)
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Comparison with frequency noise of CO2-laser pumped FIR laser

Ø CO2-laser pumped 2.5THz laser PSD measured using electro-op=c detec=on
Ø Noise-analysis limited by the noise of frequency comb rep. rate harmonic (2500 x frep)
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Lampin et al. Opt. Expr. 28, 2091 (2020)



Comparison with CO2-pumped 2.5THz laser and 2.5THz QCL

Ø The pump makes a difference…!
Ø The frequency comb too…!
Ø The QCL-pumped FIR laser is a spectrally pure source

see M. Ravaro et al., Opt. Expr. 5, 25654 (2012)



Phase-locking to the 1080th harmonic of frep
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Phase-locking to frequency comb

Ø Phase-locking successful: sub-Hz linewidth

Ø ~ 0.04rad residual rms phase noise à > 99.5% of BN signal power coherently locked 
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Conclusions

Ø First measurement of frequency noise of mid-IR QCL-pumped 1THz ammonia 
laser

à 7Hz2/Hz at 100kHz, limited QCL current driver noise

à 10-fold improvement compared to 2.5THz THz QCL

à comparable to mulCplied state-of-the-art GHz oscillator

Ø Phase-locking of mid-IR QCL-pumped 1THz ammonia laser to frequency comb 
demonstrated, with sub-Hz linewidth

Ø QCL-pumped molecular lasers have a bright future as THz sources for
applicaFons such as high-resoluFon spectroscopy, radio-astronomy, free
space THz communicaFons, THz radar imagery...

Lampin et al. Opt. Expr. 28, 2091 (2020)


