
15 December 2025

ISTITUTO NAZIONALE DI RICERCA METROLOGICA
Repository Istituzionale

Comparison between an optical pressure standard based on multi-reflection interferometric technique and
conventional primary standards / Mari, Domenico; Pasqualin, Stefano. - In: MEASUREMENT. SENSORS. -
ISSN 2665-9174. - (2025). [10.1016/j.measen.2024.101677]

Original

Comparison between an optical pressure standard based on multi-reflection interferometric
technique and conventional primary standards

Publisher:

Published
DOI:10.1016/j.measen.2024.101677

Terms of use:

Publisher copyright

(Article begins on next page)

This article is made available under terms and conditions as specified in the corresponding bibliographic
description in the repository

Availability:
This version is available at: 11696/86479 since: 2025-05-15T15:20:02Z

Elsevier Ltd



Comparison between an optical pressure standard based on multi-reflection interferometric 
technique and conventional primary standards
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A B S T R A C T

An optical pressure standard, based on a multi-reflection interferometric technique, has been recently developed. 
This quantum-based standard realizes the pascal through the measurement of the refractive index of a gas by an 
unbalanced homodyne interferometer and it is currently capable of measuring gas pressure with a relative un
certainty of 10 ppm at 100 kPa. The performance of such optical-based standard have been preliminary eval
uated by comparing it with two conventional primary pressure standards, namely a force balanced piston gauge 
and a pressure balance, in the range from 400 Pa to 120 kPa.
This work describes the performed study and discusses the results, which demonstrated the agreement between 
the optical pressure standard and the conventional standards in the considered range, within their related un
certainties (k = 1).

1. Introduction

Current realizations of the pascal are based on different techniques, 
depending on the pressure range. Below 100 Pa primary vacuum stan
dards usually operate by means of static or dynamic expansion of pure 
gas [1–4]; above 100 Pa, the pascal is realized through piston gauges and 
mercury manometers [5–8], the latter progressively abandoned due to 
presence of mercury, not in line with Word Health Organization reso
lutions [9].

In the SI system of units, the Pascal is defined as force per unit area. 
This “force per area” definition has been the basis of the most wide
spread realizations of the pascal, in particular by means of pressure 
balances, which represented, in the last decades, the more accurate and 
low-uncertainty primary standard available.

The SI redefinition through seven fundamental constants, including 
the Boltzmann constant, paved the way to realise the pascal through 
number density measurements via photonic methods, instead of “force 
per area” measurements, with the result of establishing a quantum- 
based traceability route to the pascal [10–25].

The current fixed value of the Boltzmann constant lays the founda
tion for the development of new photonic-based pressure standards, 
whose performance is primarily limited by the accuracies of quantum 
calculations of relevant gas parameters and temperature determination.

The paper reports the progress in the development of the so-named 
“UINT” optical pressure standard [17] based on a multi-reflection 
interferometer, i.e. the results of a comparison between this 
quantum-based standard and two conventional primary standards, as 
well as mentions the first steps taken at INRiM regarding the realization 
of a novel standard through Fabry-Pérot (FP) cavity based refractom
etry, in the framework of the European Partnership on Metrology (EPM) 
project 22IEM04 “MQB-Pascal”.

2. Methods and procedures

The UINT photonic pressure standard realizes the pascal by means of 
the measurement of the refractive index of a gas through an unbalanced 
homodyne interferometer with fixed arms. The measurement arm of the 
interferometer is formed by a multi reflection double mirror assembly, 
where a laser beam is reflected several times between two quasi-parallel 
mirrors A and B, to establish an unbalance length L between the two 
arms larger than 6 m in a compact set-up. The reference beam coming 
from the mirror MR and the measurement beam are recombined by the 
beam splitter BS1 where interference occurs; the interference fringes are 
acquired by a CMOS camera and elaborated via a LabVIEW software. 
The system is also equipped with an additional four quadrant photo
diode PD, which eventually can also be used.

The Fig. 1 shows the schematic of the system, including the homo
dyne UINT laser interferometer and the vacuum/pressure apparatus (see 
Fig. 2).

The optical components forming the interferometer are placed in a 
circular plate of 210 mm diameter, inserted inside an aluminium vac
uum temperature-controlled chamber C, where the standard pressure p 
is generated. Both the double mirror assembly of dimension (90 × 60 ×
27) mm and the circular plate are made of ZERODUR® glass ceramic, to 
minimize deformations due to eventual temperature variations and 
gradients. The current operating temperature range of UINT system is 
between 20 ◦C and 30 ◦C, where the nominal mean coefficient of thermal 
expansion of ZERODUR® is equal to (0 ± 0.050 × 10− 6)/K.

Beside the determination of relevant gas parameters, in particular 
the molar polarizability, the realization of an accurate photonic-based 
pressure standard implies an assessment of temperature with an un
certainty at millikelvin level: to satisfy this requirement, a double-stage 
temperature control was implemented, as reported in Ref. [17], where 
the most important steps concerning the realization of the UINT 
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standard are also covered.
The UINT interferometer is used as a refractometer determining the 

refractive index n of the gas at generated pressure p, through the 
formula: 

n= nvac +
φλ
L

(1) 

where nvac is the refractive index in vacuum, at residual pressure pres, φ is 
the number of interference fringes occurred between pres and p, λ is the 
laser wavelength and L is the unbalance of the interferometer under 
vacuum, i.e. the optical path difference between reference and mea
surement arm of the interferometer, considering the forward and 
backward optical path.

Once determined the refractive index n, the molar density ρ can be 
determined through the Lorentz-Lorenz equation: 

n2 − 1
n2 + 2

= ρ
(
AR +BRρ+CRρ2 +…

)
(2) 

in which AR is the molar polarizability, BR and CR are the second and 
third order refractivity virial coefficients.

At last, the standard pressure can be deduced from a virial expansion 
in the molar density, which takes into account the real gas behaviour: 

p= ρRT
(
1+Bρ+Cρ2 +…

)
(3) 

where R is the molar gas constant, B and C are respectively the second 
and third order density virial coefficients. It is worth underlining that R 
is the product of Boltzmann’s constant kB and the Avogadro number NA, 
defined in the new SI as constants with exact values and no 
uncertainties.

The details of the uncertainty evaluation of the UINT standard are 
reported in Ref. [17], fulfilling the main goal of having the ability to 
measure pressure with a relative uncertainty of 10 ppm at 100 kPa.

A further and fundamental step towards a complete characterization 
of UINT system is the final evaluation of its performance by comparing it 
with two different INRiM primary standards, namely a force balanced 
piston gauge for pressures up to 10 kPa, and a pressure balance for 
pressures above 10 kPa up to 120 kPa.

The medium used in the comparison was nitrogen gas with 99.9999 
% purity.

The measurements were performed at the following 7 values of 
nominal target pressure pnom of nitrogen: 0.4 kPa, 1 kPa, 3 kPa, 10 kPa, 
30 kPa, 100 kPa, 120 kPa.

3. Results and discussion

The measurements in the range between 400 Pa and 10 kPa have 
been carried out comparing the UINT system with INRiM force balanced 
piston gauge (FPG), a digital non-rotating piston gauge FPG8601 man
ufactured by DH-Instruments. The heart of FPG is formed by a piston- 
cylinder unit having an effective area of about 10 cm2 made of tung
sten carbide. The piston is not rotating and it is maintained in the cen
tred position by a constant lubricating gas flow through the annular gap. 
In this type of primary standard, the pressure is defined by means of the 
force measured using a high precision load cell and the effective area of 
the piston cylinder assembly,

The standard uncertainty of the INRiM FPG is given by: 
(
0.01+ 1.5×10− 5p

)
Pa (4) 

The measurements in the range above 10 kPa have been performed 
comparing the UINT system with INRiM pressure balance DHI-FLUKE 
PG7601 with piston-cylinder assembly 7100-10.

This pressure balance is based on a simple type piston-cylinder as
sembly (free deformation) in tungsten carbide and can be used both for 
relative and absolute pressure measurements. It is equipped with an 
automated mass handling technology that enables a completely auto
mated operation over the full pressure range. It arranges two different 
piston-cylinder assemblies: 

- DHI –PG7000 –L in the range 15 kPa ÷ 380 kPa (used for this 
comparison);

- DHI –PG7000 –H in the range 140 kPa ÷ 7.5 MPa.

The standard uncertainty of pressure generated with the piston- 
cylinder assembly DHI –PG7000 –L used in this work is: 
(
0.04+ 1.0× 10− 5p

)
Pa (5) 

The relative standard uncertainty of the pressure pst generated by the 
conventional primary standards, as well as by UINT system is summa
rized in the Table 1.

Three measurement cycles have been carried out both for the com
parison UINT-FPG and for the comparison between UINT and the pres
sure balance PG7601.

Fig. 1. Schematic of the UINT optical pressure standard; C: aluminium vacuum 
chamber containing the interferometer; FC: collimator; MR: reference mirror; 
BS1 and BS2: beam splitters; P: polarizer; PD: photodiode; V1, V3, V4: valves; V2: 
variable leak valve.

Fig. 2. UINT photonic pressure standard.
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The results are presented in the Fig. 3.
The results show the agreement of the UINT system and the con

ventional pressure standards FPG (400 Pa - 10 kPa) and the pressure 
balance DHI-FLUKE PG7601 (30 kPa–120 kPa) within their related 
uncertainty (k = 1). Beside the aforementioned agreement, it should be 
noted that, at lower pressure, the value of the standard pressure 
generated by the UINT pressure standard is systematically lower than 
the value associated to the conventional pressure standards: such effect 
is more evident for pressure below 1 kPa, where the UINT system ap
pears to be less performing and the relative standard uncertainty is 
higher than 50 ppm.

The research line dedicated to the quantum-based pressure standards 
at INRiM is continuing, through the realization, within the EPM project 
22IEM04 “MQB-Pascal”, of a novel FP-based refractometry pressure 
standard with main future goal of designing the FP system so it can also 
be used as a transfer standard and perform a direct measurement com
parison between UINT system and the new FP standard.

A detailed treatment of the FP cavity based refractometry to assess 
pressure is reported in Ref. [26].

In the last years, two typical paths, in terms of used materials, have 
been explored to realized FP refractometers: cavities bored in low 
thermal expansion glass, as Zerodur and ULE [12,20,21] or invar-based 
systems, which have been recently developed, in conjunction with the 
so-named GAMOR technique [15,24], resulting an alternative and, in 
some aspects, advantageous approach compared to experimental setup 
based on the use of low thermal expansion glass.

The design of the first INRiM FP cavity-based pressure standard has 
been finalized, according to the aforementioned idea of having a 
transportable system capable of acting also as a transfer standard. The 
Fig. 4 shows the first recent realization of such FP cavity.

The FP refractometer, with total length of about 120 mm, is essen
tially composed by a spacer, two closing flanges and two fused-silica 
high-refractivity mirrors, each of which is placed between the spacer 
and a closing flange. The spacer is derived by an invar rod of 40 mm 
diameter, in the centre of which is dug the cavity whose diameter is 
equal to 6 mm; between each mirror and the spacer, as well as between 
each mirror and correspondent closing flange, a custom copper gasket is 
interposed, ensuring the tightness of the whole system, acting itself as a 
vacuum/pressure chamber.

The laser mirrors are coated to optimally work at the wavelength of 
1550 nm, providing a resonator with high finesse (≈10000).

First measurements are in progress, aimed to evaluate the vacuum 
tightness of the system: the preliminary tests are encouraging, showing 
typical gas leaks less than 10− 6 Pa/s.

4. Conclusions

Recently, a novel photonic pressure standard, named UINT, based on 
multi-reflection interferometry, has been developed, demonstrating the 
ability of measuring gas pressure with a relative uncertainty of 10 ppm 
at 100 kPa.

The new UINT pressure standard has been compared with two 

conventional pressure standards, i.e. a force balanced piston gauge and a 
pressure balance, in the range from 400 Pa to 120 kPa, to preliminary 
evaluate the agreement of such novel quantum-based standard with 
typical traditional standards, based on “force per area” definition of the 
pascal. The results demonstrated the agreement of the UINT standard 
and the conventional pressure standards within their related uncertainty 
(k = 1).

After this encouraging result, a novel pressure standard based on a 
Fabry Pérot refractometer is under development at INRiM for the double 
main purpose of realizing an accurate transfer standard of the pascal and 
perform a direct comparison between this system and the UINT 
standard.

From a purely theoretical point of view, both quantum-based 
methods, based on UINT interferometer and FP cavity, rely essentially 
on the accurate measurement of the refractive index and the tempera
ture of a gas, using the Lorentz-Lorenz equation and an equation of state. 
Nevertheless, they operate at different wavelength, through totally 
different experimental setup, determining the refractive index starting 
from the measurement of different quantities, i.e. the interference 
fringes with the UINT system, or the frequency in case of the FP cavity- 
based device. In this context it will certainly be interesting and 
instructive to carry out measurement comparisons between these two 
quantum-based standards, not only to test their mutual agreement 
within their uncertainty, but also to provide additional important in
formation regarding the experimental determinations of relevant gas 
parameters, primarily the molar polarizability of gases at different 
wavelength.

In addition, in the medium-long term, the quantum-based primary 
standards could be miniaturised, providing faster and calibration-free 
pressure measurements for industry at a fraction of the present cost.

Table 1 
Relative standard uncertainty (ppm) of the pressure pst generated by INRiM 
conventional pressure standards and by UINT optical pressure standard.

pnom u(pst) /pst u(pUINT)/pUINT

Pa ppm ppm

400 40 130
1000 25 53
3000 18 20
10000 16 10
30000 11 10
100000 10 10
120000 10 10

Fig. 3. Results of comparison between UINT photonic pressure standard and 
INRiM primary conventional pressure standards, namely FPG and pressure 
balance (PB) DHI-FLUKE PG7601.

Fig. 4. INRiM invar Fabry Pérot-based cavity for pressure measurement.

D. Mari and S. Pasqualin                                                                                                                                                                                                                     Measurement: Sensors 38 (2025) 101677 

e3 



Acknowledgments

This work has received funding from the EMPIR programme 
(QuantumPascal, 18SIB04), which is co-financed by the Participating 
States and from the European Union’s Horizon 2020 research and 
innovation programme. It has also been received funding from the Eu
ropean Partnership on Metrology, co-financed from the European 
Union’s Horizon Europe Research and Innovation Programme and by 
the Participating States. (Funder name: European Partnership on 
Metrology; Funder ID: 10.13039/100019599; Grant number: 22IEM04 
MQB-Pascal.

References

[1] K. Jousten, H. Menzer, D. Wandrey, R. Niepraschk, New, fully automated, primary 
standard for generating vacuum pressures between 10− 10 Pa and 3 × 10− 2 Pa 
with respect to residual pressure, Metrologia 36 (1999) 493–497.

[2] W. Jitschin, High accuracy calibration in the vacuum range 0.3–4000 Pa using the 
primary standard of static gas expansion, Metrologia 39 (2002) 249–261.

[3] M. Bergoglio, A. Calcatelli, Uncertainty evaluation of the IMGC-CNR static 
expansion system, Metrologia 41 (2004) 278–284.

[4] M. Bergoglio, D. Mari, INRIM continuous expansion system as high vacuum pri
mary standard for gas pressure measurements below 9 × 10− 2 Pa, Vacuum 84 
(2009) 270–273.

[5] A. Ooiwa, Novel non rotational piston gauge with weight balance mechanism for 
the measurement of small differential pressures, Metrologia 30 (1994) 607–610.

[6] C.G. Rendle, H. Rosenberg, New absolute pressure standard in the range 1 Pa to 7 
kPa, Metrologia 36 (1999) 613–616.

[7] C.M. Sutton, M.P. Fitzgerald, Performance aspects of gas-operated pressure bal
ances as pressure standards, Metrologia 46 (2009) 655–660.

[8] F. Alasia, G. Birello, A. Capelli, G. Cignolo, M. Sardi, The HG5 laser interferometer 
mercury manometer of the IMGC, Metrologia 36 (1999) 499–503.

[9] Word Health Organization Resolution WHA67.11. https://www.who.int/publicat 
ions.

[10] J. Hendricks, Quantum for pressure, Nat. Phys. 14 (2018) 100, https://doi.org/ 
10.1038/nphys4338.

[11] J. Scherschligt, et al., Quantum-based vacuum metrology at the national institute 
of standards and technology, J. Vac. Sci. Technol. A 36 (2018) 040801, https://doi. 
org/10.1116/1.5033568.

[12] P.F. Egan, J.A. Stone, J.H. Hendricks, J.E. Ricker, G.E. Scace, G.F. Strouse, Per
formance of a dual Fabry-Perot cavity refractometer, Opt. Lett. 40 (2015) 3945, 
https://doi.org/10.1364/ol.40.003945.

[13] K. Jousten, et al., Perspectives for a new realization of the pascal by optical 
methods, Metrologia 54 (2017) S146, https://doi.org/10.1088/1681-7575/ 
aa8a4d.

[14] C. Forssén, I. Silander, J. Zakrisson, M. Zelan, O. Axner, An optical pascal in 
Sweden, J. Opt. 24 (3) (2022) 033002, https://doi.org/10.1088/2040-8986/ 
ac4ea2.

[15] I. Silander, C. Forssén, J. Zakrisson, M. Zelan, O. Axner, Optical realization of the 
pascal - characterization of two gas modulated refractometers, J. Vac. Sci. Technol. 
B 39 (2021) 044201, https://doi.org/10.1116/6.0001042.

[16] I. Silander, C. Forssén, J. Zakrisson, M. Zelan, O. Axner, Invar-based refractometer 
for pressure assessments, Opt. Lett. 45 (9) (2020) 2652, https://doi.org/10.1364/ 
OL.391708.

[17] D. Mari, M. Pisani, M. Astrua, M. Zucco, S. Pasqualin, A. Egidi, M. Bertinetti, 
A. Barbone, Realisation of an optical pressure standard by a multi-reflection 
interferometric technique, Measurement 211 (2023) 112639, https://doi.org/ 
10.1016/j.measurement.023.112639.

[18] D. Mari, M. Pisani, C. Francese, Rayleigh scattering for pressure assessment, 
Measurement: Sensors 18 (2021) 100253, https://doi.org/10.1016/j. 
measen.2021.100253.

[19] D. Mari, M. Pisani, M. Zucco, Towards the realization of an optical pressure 
standard, Measurement 132 (2019) 402, https://doi.org/10.1016/j. 
measurement.2018.09.069.

[20] Z. Silvestri, D. Bentouati, P. Otal, J.-P. Wallerand, Towards an improved helium- 
based refractometer for pressure measurements, Acta IMEKO 9 (2020) 305, 
https://doi.org/10.21014/acta_imeko.v9i5.989.

[21] Y. Takei, K. Arai, H. Yoshida, Y. Bitou, S. Telada, T. Kobata, Development of an 
optical pressure measurement system using an external cavity diode laser with a 
wide tunable frequency range, Measurement 151 (2020) 107090, https://doi.org/ 
10.1016/j.measurement.2019.107090.

[22] Patrick M.C. Rourke, et al., Refractive-index Gas Thermometry Metrologia, vol. 56, 
2019 032001, https://doi.org/10.1088/1681-7575/ab0dbe.

[23] P. Gambette, R.M. Gavioso, D. Madonna Ripa, M.D. Plimmer, F. Sparasci, L. Pitre, 
Toward the realization of a primary low-pressure standard using a superconducting 
microwave resonator, Rev. Sci. Instrum. 94 (2023) 035112, https://doi.org/ 
10.1063/5.0136857.

[24] I. Silander, J. Zakrisson, M. Zelan, O. Axner, An Invar-based dual Fabry-Pérot 
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