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This paper reports about the realization of a pioneering system for pressure measurements, currently tested up to

SI 400 kPa, based on the Rayleigh scattering and with no mechanical parts interacting with the gas. The preliminary
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Optical pressure standard
Rayleigh scattering
Pressure metrology

results showed that the device exhibits a strong linear dependence between gas pressure and scattered light, of
the order of 1075, paving the way for promising innovative realizations of scattering-based system for pressure
measurement with a single and simple device in a wide pressure range between 10 Pa and 1 MPa.

1. Introduction

Present realizations of the pascal are based on mechanical devices as
pressure balances [1-3] and mercury manometers [4] or systems oper-
ating through static or dynamic expansion of pure gas [5-8]. Such re-
alizations are subject to inherent limitations because of safety (recent
Word Health Organization resolutions recommending the progressive
reduction of human exposure to mercury and mercury compounds) and
practical reasons (bulkiness, fragility, complexity of operation).

The 26th General Conference on Weights and Measures (November
16, 2018) adopted a revision of the International System of Units (SI).
The new SI, in effect since May 2019 [9], is based on established values
of several fundamental physical constants and encourages the explora-
tion of new paths for vacuum and pressure measurements, starting by
the fundamental laws and constants of physics. Within this frame-work,
the new trend is to measure directly the gas density instead of traditional
force per unit area, by means of devices based on light-matter interac-
tion [10]. In recent years, several studies have been performed to assess
optical methods as new route for pressure measurements, through the
use of Lorentz-Lorenz equation [11-19].

This paper reports the realization of an innovative system for pres-
sure measurements based on Rayleigh scattering, currently tested up to
400 kPa. The preliminary results showed that system can provide a large
dynamic range with excellent linearity: as the theory of Rayleigh scat-
tering proves a direct dependence of scattered light on molar polariz-
ability, a new version of Rayleigh scattering-based system for pressure
assessment will be realized and will be also used as a comparator in-
strument to measure the polarizability of different gases, starting from
helium as the reference gas, whose polarizability can be determined
through ab-initio calculations with high accuracy [20,21].

2. Rayleigh scattering

The phenomenon of light scattering is a typical manifestation of
light-matter interaction. A strong contribution to the study of this
fascinating phenomenon was made between the second half of the 19th
century and the beginning of the following century, allowing to answer

https://doi.org/10.1016/j.measen.2021.100253

ancient questions regarding the origin of the colour of the sky and the
sunset [22-27].

The Rayleigh scattering, in particular, refers to elastic scattering of
light from particle having small diameter comparing to the wavelength
of the incident light; it is named after John William Strutt (Lord Ray-
leigh), a scientist who gave a huge contribution to the advancements of
physics in different fields and received the Nobel Prize for Physics in
1904 “for his investigations of the densities of the most important gases
and for his discovery of argon in connection with these studies".

The classical description of Rayleigh scattering is related to the effect
of the incident radiation on a small particle: the electrons in the atoms
are induced to oscillate by the applied electromagnetic field and irra-
diate, like a dipole antenna. This simple model provides an excellent
explanation for spherical molecules such as argon and helium: in this
case, for molecules having a spherical symmetry, the induced dipole
moment vector p is in the same direction of the polarization of incident
light. The linear relation between the dipole moment and the incident
electric field E; is defined through a scalar coefficient, the polarizability
a, according to:

p=0aE; @

Let us consider the case of an electromagnetic radiation propagating
along the x-axis direction and linearly polarized along z-axis (Fig. 1).
Under the previous assumptions of small and spherical molecules, the
intensity of scattered light I from a single molecule, at the distance r, is
given by Ref. [28]:

22
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where ; is the intensity of incident light, & the vacuum permittivity, A
the vacuum wavelength and ¢ is the angle at which the scattering light is
observed, i.e. the angle projection of the dipole moment vector on the
observation direction. Thus, the dependence of light scattering by A*
gives us an immediate explanation of the colour of the sky, as shorter
wavelength like blue, are more strongly scattered than longer wave-
length. It should also be noted that the scattered intensity is maximum at
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Fig. 1. Schematic of scattered light geometry for small and spherical molecule.

an angle ¢ = n/2 and evidences a quadratic dependence on the polar-
izability a.

Rayleigh scattering, as well as the Mie scattering for spherical mol-
ecules of similar size to the wavelength, can be considered elastic pro-
cesses in which the total kinetic energy is conserved and the wavelength
and the frequency of the radiation don’t change: this peculiarity makes
easier the definition of the “dynamic” polarizability, to be intended as
the mean dynamic polarizability at the wavelength A. Furthermore,
considering a volume of interaction between incident light and gas
molecules, the intensity of scattered light is proportional to the number
of molecules in the volume of interaction, namely depends on the
number density [29]; according to gas equations of state, the number
density is proportional to temperature and pressure, therefore, at the
same temperature, the gas pressure is linearly proportional to the
number of scattered photons.

3. Experimental set-up and results
The simplified scheme of the experimental set-up is shown in Fig. 2: a

short wave (blue) CW laser interacts with the gas in a chamber. As stated
previously, because of the Rayleigh scattering, each gas atom or
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Fig. 2. Scheme of the experimental set-up.
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molecule immersed in the electromagnetic field acts as a dipole oscil-
lating at the EM frequency and irradiating energy proportionally to the
gas polarizability. A photon collecting system allows to accurately
measure the strength of the interaction, which depends on the gas
pressure.

The realized apparatus (Fig. 3) is essentially formed by a stainless
steel cross-shaped chamber equipped with two optical viewports,
respectively for the entrance of laser light and the exit of scattered light
towards the detector. In this preliminary realization, invented by M.
Pisani [30], the cross-shaped chamber has been realized simply using
ISO-KF vacuum flanges with metal gasket; the light source is a blue laser
at 460 nm, having a power of 500 mW. A series of baffles and absorbers
have been used to reduce the effect of spurious light on the signal
collected by the detector. The scattered light is collected by a system,
whose main component is the camera Ascent A4000, a cooled, 16 bit, 4
Mpixel CCD camera, equipped with a monochrome sensor and with
dimension of each pixel equal to 7.4 pm x 7.4 pm. In the opposite side of
the laser entrance, a 90° pipe bend system has been added to limit
backwards reflection of light and to connect the gas inlet system and the
oil-free vacuum pump system.

The whole system has been mounted on an aluminium breadboard
(450 mm x 450 mm), so that it was easily transportable. The first
realization described in this paper is not equipped with any temperature
measurement and control and no pressure regulation: this “as is” set-up
has been essentially realized to test the performance of the Rayleigh
scattering-based system in term of linearity between the scattered light
intensity and gas pressure, to evaluate the potentiality of this innovative
technique for gas pressure assessment.

A series of measurement has been carried out with different gases, i.
e. nitrogen, argon and helium: at each pressure points measured by a
Mensor CPG2500 instrument, the correspondent image of scattered light
detected by the CCD camera has been acquired up to about 400 kPa (in
case of nitrogen).

A custom software in python™ ambient has been developed to
analyse the acquired images (Fig. 4), with the double aim of detecting
and correct the effect due to eventual spurious scattering centres and
calculating the light intensity using two different techniques: an integral
sum or a Gaussian fit.

After having acquired the camera images at each pressure value from
the experiment, with the appropriate acquisition parameters, data are
analysed by the software. Each dataset for a given gas molecule or

o o ¢ ¢ ¢ w

Fig. 3. Picture of the practical preliminary realization.
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Fig. 4. Software for the analysis of image data of pressure for helium (Gaussian fit).

experimental conditions corresponds to a single folder, with a strict
naming convention for each file including the pressure value and
acquisition parameters, thus allowing to easily process all the images in
one shot (Fig. 4c). Before starting the dataset analysis, each image can be
visually checked for possible acquisition issues, i.e. perturbation of the
scattered light due to spurious particles in the beam -red dots in Fig. 4a—
and the beam profile is shown. The red curve reported in the same figure
is estimated beam profile calculated by fitting the series p, of the

Ny
average values of the image along each column py =+ > p,, with a
Y
1

Gaussian function where p,, is the raw value of each pixel of the image.

As the time of writing, two methods have been tested for the intensity
estimation of the total scattered light at each pressure level: the first
consists in the raw sum of each pixel value and the second method
analytically integrates the Gaussian profile fitted data. Tens of runs of
the software using both methods on different datasets showed that the
values of coefficient of determination are pretty the same. The resulting
curve of the scattered light intensity vs. pressure value is shown in
Fig. 4b and the relevant linear fit results are reported.

Figs. 5-7 show the results for nitrogen, argon and helium, in which
the scattered light intensity, at different nominal pressures, has been
calculated by a Gaussian fit.

The realized preliminary set-up has highlighted encouraging results,
showing an excellent linearity of the system and opening the way to a
new improved realization of a Rayleigh scattering-based device for gas
pressure measurement.

4. Toward a novel version of Rayleigh scattering-based system
(RAY)

A novel version of the Rayleigh scattering-based system, named RAY,
is under development in the framework of the 18SIB04 QuantumPascal
EMPIR Project [31].

The novel experimental set-up will benefit from a new design, which
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Fig. 5. Scattered light intensity as a function of pressure for nitrogen
(Gaussian fit).

mainly aims to introduce and optimize temperature measurement and
control, minimize the stray light phenomenon and realize a unique de-
vice able to work over a wide pressure range from 10 Pa to 1 MPa.

In the new layout, as shown in Fig. 8, the cross-shaped vacuum
chamber is directly dug in an aluminium block (210 mm x 210 mm x 70
mm) and equipped with five ConFlat® ports, to connect four optical
viewports and a gas inlet and pumping system. The custom viewports
have been designed and realized to work up to an over-pressure of 2.5
MPa, which is conservative, considering that the expected upper limit of
RAY is 1 MPa. The chamber may host until six temperature sensors to
implement the temperature measurement and control and it will be
equipped with special absorbers, able to decrease the stray light effect of
a factor 107>,

The Rayleigh-based technique is expected to provide a large dynamic
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Fig. 6. Scattered light intensity as a function of pressure for argon
(Gaussian fit).
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Fig. 8. Aluminium vacuum chamber for RAY.

range with excellent linearity. In addition, the theory of Rayleigh scat-
tering proves a direct dependence of scattered light on polarizability (eq.
(2)). As consequence, the novel realization, RAY, could be also used as a

Measurement: Sensors 18 (2021) 100253

comparator instrument to measure the polarizability of different gases,
starting from helium as the reference gas, whose polarizability can be
determined through ab-initio calculations.

5. Conclusions

An innovative system for pressure assessment has been realized at
INRiM. It is based on the measurement of the Rayleigh scattering of gas
molecules. A preliminary experimental set-up has been tested up to 400
kPa, in terms of linear response between scattered light intensity and gas
pressure, exhibiting a linearity of the order of 10> and paving the way
to a new improved realization.

A novel version is under development in the framework of the
18SIB04 QuantumPascal EMPIR Project. The new design aims to intro-
duce and optimize the temperature measurement and its related active
control, minimize the stray light phenomenon, which is a significant
limiting factor of accuracy of the system, and realize a unique device
able to work over a wide pressure range from 10 Pa to 1 MPa.
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