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Context: redefinition of the International System of Units (SI)

C

h

kB e

NA

KCD

2

triple point of water cell 
LNE (France)

prototype of the kilogram 
BIPM (France)

Laboratoire de Physique des Lasers, CNRS - Université Paris 13



Context: redefinition of the International System of Units (SI)
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[mc2]=[hfrequency]

[kBT]=[hfrequency]
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• Redefine units by fixing the value of some 
fundamental constants

• Discard macroscopic artifacts

• Link all other units to the second

Cs atomic fountain 
LNE-SYRTE (France)[length]=[csecond]

[second]

KCD

• 11/2018: approval by the 26th

General Conference on Weights 
and Measures (CGPM, Versailles) 

• 20/05/2019: new SI came into 
effect (World Metrology Day)
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Doppler broadening 
thermometry

from 234 K to 430 K

Doppler Broadening Thermometry
(DBT) as a novel primary method
in the frame of European 
Joint Research Project 
« Implementing the New Kelvin 2 »

Temperature range :
• from the Hg triple point (234 K) 

to In freezing point (430 K)   

Context: Temperature measurement

Laboratoire de Physique des Lasers, CNRS - Université Paris 13

• Compare our new technique to old ITS-90 measurement
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The Doppler Broadening Technique 

detector
frequency stabilized

10 µm laser

Pinc Ptrans
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Dn
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Beer law : 

n0

NH3

record the absorption profile

extract kBT, kB or T

L

absorption cell
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The Doppler Broadening Technique 

detector
frequency stabilized

10 µm laser

Pinc Ptrans

frequency (n)

Dn

Ptrans

Beer law : 

a(n)

• Doppler broadening
• Collisional broadening
• Speed dependent effect
• Dicke narrowing
• Hyperfine structure
• … n0

NH3

record and model the absorption profile

thermostat at 273.15 K

to extract kB: control and measure the 
temperature  thermostat at 273.15 K
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[1] Fisher et al., Metrologia 55, R1-R20 (2018)

𝑘𝐵 = 1.380704(69) × 10−23 𝐽. 𝐾−1

50 𝑝𝑝𝑚 combined uncertainty, ≈ 10 𝑝𝑝𝑚 statistical uncertainty

Now Few ppm systematic effects 
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Voigt

speed-dependent 
Galatry

residuals

Fit with various models:
• speed-dependent effects essential 
• velocity-changing collisions negligible, fixed

• uncertainty on speed-dependent collisional 
parameters  uncertainty on kBT: 1.8  10-6

19.4 Pa

M. Triki et al., Phys. Rev. A (2012); Mejri et al., Metrologia (2015)

Line shape

Voigt profile Galatry profile speed-dependent 
Voigt profile

speed-dependent 
Galatry profile
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thermostat

The Doppler Broadening Technique 

detector
frequency stabilized

10 µm laser

Pinc Ptrans

frequency (n)

Dn

Ptrans

n0

NH3

once kB fixed  extract T

record and model the absorption profile
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Beer law : 

a(n)

• Doppler broadening
• Collisional broadening
• Speed dependent effect
• Dicke narrowing
• Hyperfine structure
• …
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Using cavity ring-
down spectrocopy

Conventional Linear
absorption spectroscopy

Absorption
( practical or chip-scale ) 
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The Doppler Broadening Technique in 2019 
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detector

DFB QCL 
@ 10.35 µm

frequency stabilised
CO2 laser

home-made
8-18 GHz synthesizer

EOM

carrier

8-18 GHz8-18 GHz

detector

absorption cell

The frequency stabilized 10 µm source

• Locked to a saturated 
absorption line of OsO4

• < 10 Hz line width,       
< 100 Hz accuracy,
1Hz stability at 1s

• YIG oscillator

• Phase locked to a DDS

Phase
Lock Loop

QCL:

• < 10 Hz linewidth, 1 Hz stability at 1 s

• Continuously tuneable over 10 GHz 
around each CO2 laser line

NH3

~6 GHz
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43 km optical
fibre link

ultrastable
1.54 µm laser

National Metrology 
Institute 𝜈ref ~ 1.54 𝜇𝑚

primary
atomic clocks

CO2/OsO4
Frequency 

measurement

optical frequency
comb

spatial transferstabilityaccuracy

QCL: 
NH3 spectroscopy

CO2/OsO4 Laser

scan

Beatnote Frequency
counter

Link to the SI unit of time

traceability to the SI unit of time: 

 Beatnote between CO2 laser and an optical frequency comb

 Count Beatnote Frequency

~ 10-15 at 1 s 10-14 (H-maser)

 10-16 (Cs fountain)

fibre phase-noise 
correction

𝜈 ~ 10.6 𝜇𝑚

𝜈𝑂𝑠𝑂4/𝐶𝑂2 =
𝑛

𝑁
𝜈𝑟𝑒𝑓 + Δ + Beatnote

PLL frequency shifts Measured at SYRTE

Uncertainty on the QCL absolute frequency: 

 Sub-100 Hz contribution from the 𝐶𝑂2/OsO4laser

 <0.1 Hz contribution from the µW driving the EOM

EOM

lock
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Thermostat

Temperature stabilization:
 2 PI controllers for enclosure and external tubes 
 PT100 for the temperature control of the thermostat

absorption cell

Enclosure  (ss) thermal shield (Cu)

Kapton PT100

Teflon box with Al foil on the inner surface

external tubes

resistive  wires 

absorption cell

Enclosure

Thermal shield

Laser 
beam

Extrernal tubes
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Thermostat characterization and ITS-90 measurement

3 SPRTs → gradient measurement Gradient measurements:
 SPRT 1 and SPRT 2 are in wells at 

the center and near the edge. 
 SPRT3 stuck on the wall 

1

2

3

10 mK

5 min

Measurements at 370 K

Stability measurements:
 Day/Night cycle
 Typical stability <50 mK

over several days at 370 K

 Short time fluctuations

1 Day

20 mK

< 1 mK

< 2 minutes
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ITS-90 measurement - Uncertainty budget
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42 Spectra at 368K

Thermodynamic temperature : First spectra at 368K and 303K 

 Typical spectra fitted with Voigt profile:

NEXT STEPS:

 Spectrum S/N improvement

 More spectrum acquisitions 

 Improve fitting procedure: 

collaboration with F. Rohart

20 Spectra at 302K

303K368K
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Perspectives

 Acquire spectra at 303K -> 50ppm uncertainty (1 week)

 Acquire spectra at 370K -> 50ppm uncertainty (1 week)

 Link the measurements to time-frequency standard
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Thank you for 

your attention

MW EOM 
and its

YIG-based
synthesizer CO2 Laser 

OsO4 cavityCO2/QCL
Beatnote

setup
Thermostat


