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Abstract

The Molecular Tagging (MT) technique is a promising methodology for locally measuring velocity and temperature fields
in rarefied gas flows. Recently, Molecular Tagging Velocimetry (MTV) has been successfully applied to gas flows in mini-
channels in the continuum regime at high pressure and early slip-flow regime at lower pressure. As the operating pressure
decreases, diffusion effects become more pronounced, and in MTYV, they hinder the extraction of the correct velocity profile by
simply dividing the displacement profile of the tagged molecular line by time of flight. To address this issue, a reconstruction
method that considers Taylor dispersion was previously developed to extract the velocity profile, considering the diffusion
effects of the tracer molecules within the carrier gas. This reconstruction method successfully extracted the correct velocity
profile in the continuum flow regime. However, the method still faces challenges in the slip-flow regime. Since there is cur-
rently no consensus in the literature regarding the kinetic diameter value of acetone vapor, the diffusion coefficient estimation
is uncertain especially at low pressures. This is why, in this study, we propose an original optical method to measure the
diffusion coefficient of acetone vapor. This is achieved by linking the temporal evolution of the spatial photoluminescence
distribution of acetone vapor to the diffusion coefficient via the Chapman-Enskog theory. Our research provides measure-
ments of these parameters for a wide range of pressures (0.5-10 kPa) at ambient temperature.

Keywords Diffusion - Kinetic diameter - Molecular tagging - Photoluminescence - Acetone vapor - Gas flow

1 Introduction

In recent years, there has been a growing interest in gas
microflows due to their wide range of appealing applica-
tions in microfluidics. These applications include micro heat
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exchangers (Rehman et al. 2020), Knudsen pumps (Zhao
et al. 2023; Lopez Quesada et al. 2019), artificial lungs (Pot-
kay 2014), gas detectors (Vo et al. 2019), manipulation of
micro-objects (Otic and Yonemura 2022) and pressure sen-
sors (Javed et al. 2019). They span various industrial and
scientific domains, including transport, healthcare, energy,
environment, and aerospace.

When the dimensions of fluidic devices are reduced, rar-
efaction effects become significant in gases, rendering the
classical boundary conditions and the continuum medium
assumption invalid (Colin 2010). A gas is considered rare-
fied when the mean free path A of the molecules is com-
parable to or larger than the characteristic length L, of the
microdevice. Under such conditions, local thermodynamic
disequilibrium near the wall results in velocity slip and
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temperature jump, which have a considerable impact on the
macroscopic velocity and temperature distributions within
the flow. This study is connected to slightly rarefied gas flow
conditions within the slip-flow regime, corresponding to
Knudsen numbers Kn = /I/LC in the range of [0.001, 0.1].

A comprehensive understanding of transport phenom-
ena at the microscale is essential for the precise design and
optimization of fluidic microsystems involving gases. To
achieve this, direct and local measurements are required
to characterize crucial parameters, including viscosity, dif-
fusion, and momentum and energy accommodation coef-
ficients. These parameters are necessary for an accurate
description of flow boundary (Sharipov and Seleznev 1998;
Colin 2005). However, due to the limited dimensions of the
investigated domain, obtaining precise measurements of
velocity and temperature distributions in gas microflows is
extremely challenging, especially near the wall and within
the Knudsen layer (Maali et al. 2016; Colin et al. 1819).
Consequently, most of the experimental studies found in the
literature primarily focus on measuring global quantities,
such as the mass flow rates or pressure and temperature dif-
ferences between the inlet and outlet of microchannels or
fluidic microsystems (Arkilic et al. 2001; Colin et al. 2004;
Pitakarnnop et al. 2010; Trott et al. 2011; Rojas-Céardenas
et al. 2015; Silva et al. 2016).

Local measurements of velocity and temperature fields
in gas microflows have been achieved by our research group
in the past through the development of a molecular tagging
(MT) technique. This technique is optical and low-intrusive,
leveraging laser-induced photoluminescence (both fluores-
cence and phosphorescence) from specific tracer molecules
seeded into the gas flow under investigation (Samouda et al.
2015; Frezzotti et al. 2015; Si Hadj Mohand et al. 2017;
Fratantonio et al. 2018, 2020). Specifically, the molecular
tagging velocimetry (MTV) technique involves tracking
the displacement of luminescent tracer molecules over a
short time interval, typically in the micro-to-millisecond
range (Koochesfahani and Nocera 2007; Hu and Kooches-
fahani 2006). Nevertheless, it is typically preferred to per-
form experiments in devices with millimetric characteristic
lengths in order to obtain molecular displacement profiles
with high spatial resolution. To operate in the rarefaction
regime of interest at this scale, that is the slip flow regime,
the gas pressure must be sufficiently low, typically in the
range of 0.1-1 kPa.

The MTV technique has been successfully employed
to measure velocity profiles in a rectangular mini-channel
in the continuum (or hydrodynamic) regime (Samouda
et al. 2015; Si Hadj Mohand et al. 2017; Fratantonio et al.
2020) and the slip-flow regime (Fratantonio et al. 2020).
The observed slip velocities at the wall were obtained for
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a helium flow seeded with acetone vapor at a pressure of
approximately 1 kPa and a Knudsen number of the order
of 0.01 (Fratantonio et al. 2020). However, low molecular
concentrations at low pressure pose significant challenges
in implementing this technique due to the weak luminescent
signal and the pronounced diffusion effects.

Molecular diffusion prevents the direct extraction of the
local flow velocity profile by simply dividing the molecular
displacement profile by the time of flight. In the case of
confined flows, this advection—diffusion effect is known as
Taylor dispersion and leads to molecular displacement at the
wall, even for gas flows in hydrodynamic regime, where a
zero macroscopic velocity at the wall is expected. Molecules
close to the wall can diffuse in regions where advection is not
negligible, and after being advected along a streamline at a
certain distance of the wall, they can experience diffusion in
the direction of the wall, resulting finally in a displacement
in the streamwise direction close to the wall. Consequently,
the displacement profile in a 2-D Poiseuille flow exhibits
a non-parabolic shape (Samouda et al. 2015). Therefore, a
specific reconstruction algorithm (Frezzotti et al. 2015) that
accounts for the combined effect of advection and diffusion
is necessary to obtain an accurate extraction of the veloc-
ity profile from the measured displacement profile. This
reconstruction technique has been successfully applied in
the continuum regime (Si Hadj Mohand et al. 2017; Fratan-
tonio et al. 2020), while it has not provided accurate results
in slightly rarefied gas flows, specifically regarding velocity
measurements at the wall (Fratantonio et al. 2020).

One possible cause can be linked to the strong sensitivity
of the reconstruction algorithm to the diffusion coefficient of
the molecular tracer in the background gas. The reconstruc-
tion method is based on the advection—diffusion equation,
which can be written for a plane flow as:

Sx 2
— =u()+ Dy,

Sy 1
o ey

0y?

In this equation, s, and u, are respectively the displace-
ment and the velocity in the direction x parallel to the wall, y
is the direction perpendicular to the wall, 7 is time and D, ; ,
is the diffusion coefficient of the tracer (subscript 2) in the
flow mixture composed of the background gas (subscript 1)
and tracer. According to Blanc’s law (Blanc 1908),

- X2 B
Dy = ( + K/z ()

this diffusion coefficient depends on the molar fraction y,
of the tracer in the mixture, on the binary diffusion coef-
ficient D, of the tracer in the pure background gas and
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on the self-diffusion coefficient D, ), of the tracer. The self-
diffusion coefficient D, , and the binary diffusion coefficient
D, can be approximated from the Chapman-Enskog theory
as (Marrero and Mason 1972):

3
b3 |T) 3)
2/i 8 d;p 2 My,
for i = 1 or 2 and where kg is the Boltzmann constant, T is
the temperature, p is the pressure, m,; = % is the reduced
2 i

dytd;

molecular mass and d; = is the average kinetic molecu-
lar diameter of the gas mixture, m; and d, being respectively
the molecular mass and diameter of species i representing
the background gas 1 or the molecular tracer 2.

The accurate calculation of the diffusion coefficients
directly depends on the correct estimation of the kinetic
diameters d, and d, of the background gas and tracer mol-
ecules. This value is generally well documented for usual
background gases, such as argon or helium, that were used in
previous MTV experiments. On the other hand, for acetone
vapor, which is a complex molecule and one of the most
widely used MT tracers, various values of d, can be found
in the literature (Table 1). Therefore, there is still no clear
consensus on the subject. This issue directly affects the esti-
mation of the molecular diffusion coefficient D, ; , estimated
by Eq. 2 and necessary for implementing the reconstruction
method based on Eq. 1.

For this reason, it is of crucial importance to accurately
characterize the self-diffusion coefficient D, , of acetone
in low-pressure gas flows to improve the measurement of
velocity fields through molecular tagging. The knowledge of
D, , will allow extracting d, then D, ,; with Eq. 3 and finally
D,,,, with Eq. 2.

Thus, in this work, we investigate and measure the self-
diffusion coefficient of acetone vapor using molecular tag-
ging over a wide range of pressures. This paper is presented
as follows: Sect. 2 provides a summary of the experimental
methodology and Sect. 3 details the data post-processing
method. Section 4 presents the measured results along with
a discussion on the most significant intramolecular processes
involved in the molecular tagging of acetone vapor. The con-
clusions of this work are drawn in Sect. 5.

2 Experimental setup

The primary objective of this experimental work was to
visualize the self-diffusion of acetone after laser excitation
inside an optically accessible chamber. Molecular tagging
was used to measure the displacement of photoluminescent
molecules from an initial excitation until signal extinction.
Throughout one experiment, the gas was at rest with steady

Table 1 Values of kinetic diameter of gaseous acetone molecules
published in the literature and corresponding self-diffusion coefficient
values at p = 1 kPaand T = 294 K, computed via Eq. 3

References dy(pm) D, /2(cm2/ S)
Hu et al. (2019) 460 8.32
Frezzotti et al. (2015) 730 3.31
Nadykto and Yu (2003) 616 4.64
Bowen et al. (2004) 469 8.01
Almy and Anderson (2004) 590 5.06

thermodynamic conditions. Parameters such as pressure
and temperature of the tracer were carefully monitored and
controlled. The schematic diagram in Fig. 1 illustrates the
key components of the experimental setup: (i) gas circuit;
(ii) laser beam and optics; (iii) visualization chamber; (iv)
acquisition system.

The static visualization chamber was assembled using
pieces in aluminum alloy, which is resistance to acetone
vapor. Two coaxial accesses allowed the laser beam crossing
the chamber. The optical windows were made of Suprasil®,
which is a fused silica material highly transparent to UV
light. This two-window design served to reduce reflections
of the laser beam inside the chamber and enabled real-time
control of the laser's energy using an energy detector placed
at the end of the optical path. After excitation, the lumines-
cent emitted light was collected through an optical access
of Borofloat® glass located on the top side of the chamber.

The gas chamber was connected to an acetone tank at the
inlet and two GEFI® rotary vacuum pumps at the outlet. To
monitor the pressure inside the gas chamber, two Inficon®
capacitance diaphragm sensors with different scales (P1
with a full scale of 13.3 kPa, and P2 with a full scale of
1.3 kPa) were used. Ideally, the measured pressures should
remain constant. However, variations may occur due to the
absorption and desorption of acetone molecules on the inner
walls of the visualization chamber, as well as potential air
leakages, which might slightly affect pressure stability. Dur-
ing one experiment, the most significant pressure variation
was observed at lower pressures, with a maximum variation
of +3.6% relative to the nominal pressure. For pressures
higher than 1.5 kPa, the variation remained consistently
below + 1%.

The visualization chamber was supplied with acetone
vapor generated from a liquid acetone tank. In order to
ensure acetone at the vapor state in the chamber, the static
pressure was always regulated to values below the satura-
tion vapor pressure at room temperature. The thermody-
namic conditions in the inlet gas line were monitored using
another capacitive diaphragm gauge, Pressure Sensor P3,
with the same full scale as P1. Vacuum Pump 1 was used to
evacuate gas from the visualization chamber, while Vacuum
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Fig.1 Schematic of the experimental setup

Pump 2 controlled the pressure in the gas line. All the valves
depicted in the illustration were Pfeiffer® globe valves,
except for Valve V6, which was a HEF® dosing valve used
for precisely controlling the amount of acetone vapor intro-
duced into the gas chamber.

We utilized an OPOlette HE355LD laser operating at
310 nm to excite the molecular tracer. This tagging wave-
length ensured high signal intensity and long phosphores-
cence lifetime (Fratantonio et al. 2018). The laser had a
repetition rate of 20 Hz and emitted a laser beam collimated
via a plano-convex lens to a 175 pm beam waist, calculated
from the fluorescence signal distribution at the moment of
laser excitation.

To align the UV beam, a pair of mirrors was positioned
at 45° angle in a Z-Fold configuration. Pyroelectric laser
energy detectors from Gentec-EO® were employed for real-
time monitoring of the laser energy stability of the UV beam
both before and after it passed through the visualization
chamber. This allowed us to calculate the energy absorp-
tion attributable to the Suprasil® windows and acetone mol-
ecules. Maintaining a low laser energy was preferable to
protect the integrity of the optical accesses.

The image acquisition system consisted of a photodetec-
tor equipped with a 25-mm intensified relay optics (IRO)
and a 12-bit Imager Intense (LaVision®) progressive scan
charge-coupled device (CCD), collectively referred to as
ICCD. The ICCD comprises a series of lenses that guide
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light into the photodetector, including two external objec-
tives, a 105 mm £/2.8, and an inverted 28 mm /2.8 Micro
Nikkor® lens, designed for collecting the photoluminescence
emitted by the tracers within the gas chamber. The field of
view (FOV) for the acquired image was 5.29 mm X4 mm.

To increase the recorded light intensity, a 4 X4 binning
was implemented in all experiments. This resulted in a spa-
tial resolution of 15.2x 15.2 pm? per pixel. For synchroni-
zation purposes between laser shots and IRO acquisition, a
programmable timing unit (PTU), with a precision of 5 ns
was used. It facilitated the synchronization of the laser trig-
ger, the camera shutter trigger, and the IRO trigger (Fratan-
tonio et al. 2018).

3 Experimental methodology

The diffusion experiments were conducted within a static
visualization chamber that was filled with acetone under
stable thermodynamic conditions. The investigated pres-
sure range spanned from 0.5 to 10 kPa, and the experiments
were carried out at room temperature (7' = 294 + 0.5 K).
The beginning of the experiment at 7, = 0 coincided with
excitation of acetone molecules via the UV laser shots
inside the chamber. Following excitation, the acetone tracer
emits light in the visible spectrum. The luminescent sig-
nal was utilized to visualize and measure the macroscopic
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displacement of the molecules. Depending on the molecular
concentration, the phosphorescent emission could extend to
the millisecond range, which was sufficient for measuring
molecular diffusion.

After the initial tagging moment, signal acquisition
occurred at delay times of 0.005 ps, 0.5 ps, 1 ps, 2.5 ps and
then at 2.5 ps intervals up to 10 ps. Subsequently, measure-
ments were taken at 10 ps intervals up to 100 ps, followed
by 50 ps intervals up to 500 ps. This resulted in a total of
24 acquisitions for each experiment. It should be noted that
the maximum delay times considered in these experiments
were much longer than those typically used in previous
MTYV studies, where the maximum delay times were around
50 ps (Fratantonio et al. 2018), even for partial pressures of
acetone in the gas mixture as low as 180 Pa.

The low pressures used for the experiments resulted in low
concentrations of tracer molecules, leading to weak light emis-
sions from a single laser pulse, which were insufficient for gen-
erating a significant signal (Samouda et al. 2015). To address
this limitation, the on-chip integration technique was employed
to accumulate emissions from multiple laser pulses within a
single image, effectively extending the sensor's exposure time
to light. On-chip integration, combined with the averaging
of a substantial number of images, significantly increased
the signal-to-noise ratio (SNR) to usable levels. In this work,
each image was generated by summing the emissions from
N, = 100 laser shots, and each experiment involved the averag-
ing of N; = 30 such images. For each signal acquisition, the
IRO amplification gain G was fixed at 100%, while the gate
time, corresponding to the duration of IRO shutter opening
and denoted as A, was set between 0.1 and 1 ps, according
to the delay time. Further details about the on-chip integra-
tion technique can be found in our previous publications (Si
Hadj Mohand et al. 2017; Fratantonio et al. 2018).

As demonstrated in our previous works, the emitted sig-
nal distribution following excitation corresponds to the laser
beam profile, which can be accurately described by a Gauss-
ian distribution function. Diffusion can be linked to the lumi-
nescence distribution evolution with time of the tagged line
and the Gaussian function can be written as:

t _ (x-ag)®
f(x, I) = al(t) + az—()e 2a3(1) (4)

V27 ay(0)

Here a,, a,, a;, and a4 represent the fitting parameters of
the Gaussian function (Si Hadj Mohand et al. 2017), and x
denotes the position along the direction perpendicular to
the laser beam within the focal plane. Parameter a,(f) rep-
resents the background emission offset which is attributed
to excited tracer molecules located outside the laser beam
or adsorbed by the internal walls. This parameter is never
zero and decreases over time. Coefficient a,(f) corresponds
to the amplitude of the Gaussian signal, and its temporal

evolution is closely related to the phosphorescence life-
time of the excited tracer. Additionally, the variation of this
parameter over time is influenced by diffusion mechanisms.
Parameter a;(¢) corresponds to the variance Gf of the Gauss-
ian function f(x,t) and provides insights into the diffusion
rate of the excited tracer molecules. It directly reflects how
the tagged line profile broadens with time. Finally, Param-
eter a, represents the position of the Gaussian peak, which
may vary slightly at each acquisition due to possible small
fluctuations in the laser beam’s position. These fluctuations
can arise from unwanted mechanical vibrations or changes
in the laser profile over time. From the Gaussian function,
two parameters of interest can be defined:

1) the Gaussian peak value, which represents the highest
intensity of the photoluminescence signal at each moment.
It can be defined as:

a (1)

N TRO) )

and is influenced by the decay of the phosphorescence signal
with time and the molecular diffusion of the excited mol-
ecules (Fratantonio et al. 2018). This peak value will serve
later as a parameter to define the quality of the signal.

ii) the full width at half maximum

Smax =/ (a4.1) = a; (1) +

FWHM =2v/21n2 o, (6)

which is directly linked to the standard deviation of the
gaussian function and serves as measurement of the width
of the laser beam waist at the half height in respect to the
peak value.

An illustrative example of diffusion measurements at con-
stant pressure using the molecular tagging technique at dif-
ferent instants is presented in Fig. 2. This optical technique
enables real-time tracking of the emitted light from acetone
molecules and the measurement of its evolving distribution
over time due to diffusion effects. The raw acquired images
are displayed in the odd-numbered rows of Fig. 2, while the
post-treated Gaussian profiles are shown in the even-num-
bered rows. The signal was averaged along the y-direction
of the laser beam for each x position. Through this method
the statistical fluctuations of the light emission distribution
were significantly reduced. The data in Fig. 2 was collected
at a pressure of 1 kPa, under which condition the beam full
width at half maximum increased from FWHM = 175 ym
att = 0.005 usto FWHM = 1376 ym att = 500 us. Further-
more, the quality of the signal decreases when time increases
as both phosphorescence decay and molecular diffusion
reduce the light intensity. To maintain a measurable signal,
the gate time A, was then adjusted as a function of time. It
was set at 0.1 ps for times 7 up to 10 ps, then it was extended
to 0.5 ps for times ranging from 20 to 100 ps, and further
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increased to 1 ps for times exceeding 100 ps. This adjust-
ment explains the increase in the count numbers observed
between r = 10 us and ¢t = 20 us.

The calculation of the diffusion coefficient was performed
using the Einstein-Brownian motion equation, which relates
the diffusion coefficient D to the time evolution of the vari-
ance of the tagged molecules’ distribution:

Fig.2 Temporal evolution

of photoluminescence signal
images and corresponding light
distribution profile (blue solid
line) for p = 1 kPa

ol(1)=2D(t—1y) + 0 (7

Here, o-f = a5(t) corresponds to the variance extracted
experimentally from the gaussian distribution (Eq. 4) at
every instant, ¢ represents the time elapsed after the laser
excitation, and 6?,0 is the variance of the initial light distribu-
tion at = ¢, (Einstein 1956). According to this equation, the
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variance should exhibit a linear evolution over time, with a
slope directly proportional to the diffusion coefficient. Con-
sequently, the diffusion coefficient can be determined by fit-
ting a linear function to the measured temporal evolution of
the variance.

4 Results and discussion

The Gaussian equation (Eq. 4) was used to fit the distri-
bution of the experimental luminescent signal produced by
the tagging beam at various instants across a broad pres-
sure range. As an example, Fig. 3 illustrates the evolution
over time of the tagged line distribution at a constant pres-
sure of 1 kPa, from the moment of tagging to 500 ps later.
The results are normalized by the peak value S, (¢) of the
Gaussian distribution. The Gaussian shape flattens over time
due to molecular diffusion. To the best of our knowledge, the
time range of phosphorescent signal acquisitions presented
in this work is the most extensive available in the literature
for such a wide range of low pressures.

A regression model was employed to fit the Gaussian
equation to the signal distribution, and the quality of the
fit was assessed using the coefficient of determination R?
(Rousson and Gosoniu 2007). The R? value can range from
0 to 1, where R? = 1 indicates a perfect match between
experimental data and the fitting function. For Gaussian fit-
ting at each instant and for all pressures investigated, the
sample size, n = 344, represents the number of pixels along
the x-axis direction of the image. In this context, the only
independent variable at a given instant is the position x, and
the dependent variable is the Gaussian function f(x, ) cor-
responding to the light intensity profile.

The signal to noise ratio was utilized to estimate the qual-
ity of the acquired signal. In this work, the SNR was defined
as the ratio between the Gaussian peak S,,,, (f) and the back-
ground emission offset a, (¢) of the image. The overall quality
of the experimental data was evaluated based on the R? and
SNR parameters. Low values of R? and SNR indicate that the
Gaussian fitting poorly represents the signal distribution, and
the intensity of emitted light is too weak to obtain reliable
information from the acquired images, respectively.

As an example, Fig. 4 summarizes the temporal evolution
of the variance, R?, and SNR at various instants for four dif-
ferent pressures, ranging from 1 to 8 kPa. It is evident from
this figure that both R? and SNR decrease over time. There-
fore, it was necessary to delimit a time range of confidence
in which the acquired dataset’s quality could be considered
suitable for the entire range of pressures investigated. In
the context of extracting the diffusion coefficient from the
acetone phosphorescence signal, we have considered that the
acquired data remained reliable up to 100 ps after the laser

1 T T
0.9 = t =0.005 ps
- == t=5us
0.8 t=20pus
’ memam: § =50 us
——— =100ps |
0.7F t =500 us
0.6 1
2osf i
<
041 B
03f 1
0.2f |
01} 1
Gl TS|
-3000 -2000 2000 3000

Fig.3 Gaussian fitting of the temporal evolution of the phosphores-
cence intensity profile normalized by each Gaussian peak. Experi-
mental data at p = 1 kPa

excitation for all experiments, ensuring a minimum SNR of
2.1 and a minimum R? of 0.75.

For better analysis, the detail of the variance curves is
displayed in Fig. 5, covering a time span up to 300 ps. In
accordance with the Einstein-Brownian equation (Eq. 7), at
relatively low pressures, the experimental data exhibited a
linear evolution of the variance o-f (), from the initial tagging
instant up to the designated limit time of 100 us. However,
at higher pressures, a pronounced non-linear behavior of
the variance with time was observed immediately after the
initial tagging instant (Fig. 5 right column).

The non-linear behavior of the variance with time may
be attributed to the occurrence of triplet—triplet annihila-
tion (TTA), which corresponds to non-radiative molecular
de-excitation via intermolecular collisions of molecules in
the triplet state. The triplet state is a meta-stable energy level
reached after excitation, from which a molecule can return
to the ground state either by emitting a photon (phosphores-
cence) or through a non-radiative de-excitation process like
TTA. This can be explained by the fact that with increas-
ing pressures at a constant temperature, the gas molecular
concentration rises, leading to higher collision frequencies
among excited molecules.

The main light-induced reactions of acetone are illus-
trated in the Jablonski diagram presented in Fig. 6. An
acetone molecule (Ac’) at the ground singlet state S, can
absorb a photon of high-energy % v. Subsequently, it transi-
tions to a singlet excited state S, and promptly relaxes to the
first excited state S, through internal conversion (IC) and
vibrational relaxation (VR):

A’ + hv = Ac! (8a)

@ Springer
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A first portion of these excited molecules (Ach) return
to the ground state via non-radiative processes, i.e. without
luminescent emission. However, a second portion of Ac!
return to the ground state via a radiative process, that is by
emitting a photon of energy / v, in the visible spectrum:

Ac' > A’ +hy, (8b)

This phenomenon is known as fluorescence. The remain-
ing excited acetone molecules progress to a triplet state T
via intersystem crossing, followed by vibrational relaxation:

Ac! > Al (8¢c)

A fraction of these molecules (Ac®) in the triplet state
return to the ground state by emitting a photon with an
energy hv,:

@ Springer

This process is referred to as phosphorescence.

Another fraction of triplet state molecules can decay to
the ground state through non-radiative transitions by IC or
VR, or, as previously mentioned, there is the possibility of
triplet—triplet annihilation, which occurs when two acetone
molecules in the triplet state (Ac®) interact without releasing
any photons:

AC + A = Ac® + Ac! (8e)

This TTA phenomenon is enhanced by the increase of
intermolecular collisions, which is the case here for experi-
ments performed at higher pressures.

To the best of our knowledge, the influence of TTA on the
light distribution’s evolution over time from an initial Gauss-
ian distribution remains unexplored for acetone. However,
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some research has been conducted on diacetyl vapor (Bomi-
naar et al. 2008), which can serve as a suitable reference
due to its molecular structure similar to that of acetone. In
the study conducted by Bominaar et al. (2008), a theoretical
model was proposed to predict the light emission distribu-
tion following tagging in the case of diacetyl vapor, consid-
ering various de-excitation processes, including TTA. The
model indicated that TTA affects the Gaussian distribution
shape of light emission after laser excitation, resulting in
a non-linear variation of the Gaussian variance during the
first 50 ps.

Another potential factor to consider is the influence of
temperature increase due to molecular absorption by acetone
of part of the laser energy. As per Eq. 1, a temperature rise
enhances molecular diffusion and consequently accelerates
the rate at which the variance increases over time (Bominaar
et al. 2008). Our observations align with this prediction, as
we noticed a rapid increase in variance immediately after
laser excitation. Nonetheless, this effect may only be sig-
nificant for the first few microseconds post-excitation, given
that the temperature rise is limited (Mirzaei et al. 2012) and
the excess energy introduced by the laser dissipates rapidly
through intermolecular collisions, especially at relatively
high pressures.

Our experimental data indicated that the non-linear
trend in variance disappeared after a certain time. This
was because the diffusion of excited molecules towards
the edges of the initial tagged line locally reduced the con-
centration of triplet molecules, thus weakening the TTA
phenomenon. Based on a comprehensive analysis of our
dataset and in alignment with the findings of the previ-
ous paragraph, it was concluded that the non-linear effects
vanished after 20 us from the laser excitation for the here
studied pressure range. This time interval is in agreement
with the findings of Mirzaie et al. (2012). Based on these
considerations along with those of the previous paragraph,
we selected the time range of 20—100 ps following laser
excitation as the interval where non-linearity in variance
could be considered negligible, and the signal intensity
was sufficiently high for the purpose of measuring the sig-
nal's variance.

By fitting Eq. 7 to the variance evolution measurements
within the 20-100 ps time range (Fig. 5), the self-diffusion
coefficient of acetone was extracted across a range of pres-
sures from 0.5 to 10 kPa. This selected time range provided
9 data points for the variance at each pressure, although for
the sake of completeness we have included the extended
dataset of the measured variance from 5 ns to 300 ps in
Fig. 5. The right column of Fig. 5 highlights the non-linear
variation in the early delay times, that is in the 0-20 us time
range.

It's worth noting that for delay times greater than 100 ps,
the measured variance exhibits larger fluctuations around
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the linear fitting function. However, within the pre-selected
time range of 20-100 ps, the data consistently follow a linear
trend.

The uncertainty related to the variance can be deduced
from FWHM which measurement is obtained via the acquisi-
tion of signal in respect to space. The spatial resolution of
the measurement depends on the pixel size of the CCD cam-
era, one pixel in this work being 15.2 um width. In other
words, it is possible to define the position x of the signal with
an uncertainty € = +7.6 ym. Since a distance is calculated
through the definition of two independent positions, it is
possible to define the uncertainty of the beam waist via the
propagation of wuncertainty principle, as
FWHM = (x; —x,) + V/2¢. By exploiting the relation
between FWHM and standard deviation (Eq. 7), one can

write the same equation as
N FWHM =

2V2In2 0, + A(Z 21n2 ax) and thus, it is possible to
define the uncertainty on the standard deviation as
Ao, =€ / (2\/ ln2>. From here on the uncertainty on the

variance can be written as Ac2(1) = |2 6,(1)| Ac,(1), while
the uncertainty on the variance difference can be computed

as A[o‘i([) —o'io] = \/(Aaf(t))z + (A‘Tio)z =

2A0,4 /03 (1) + 0'30

The acetone self-diffusion coefficient D, , was computed
based on the slope obtained from a linear fitting of variance
against time using the Einstein-Brownian equation (Eq. 7).
Thus, the self-diffusion coefficient can be calculated as

1d(0(1)

D= X" )
2270 a4

The uncertainties related to this measurement can be
estimated from the slope uncertainty estimation. The
uncertainty of the slope was determined by calculating an
upper and lower border slope as illustrated in Fig. 7. Thus,
the uncertainty on the diffusion coefficient was estimated
as

D2,2 max D2,2 min

ADz’z = 2D
2,2

(10)

where D, 5 . and D, , . were correlated to the upper and
lower border variance to time slopes, respectively.

The experimental results are presented in Fig. 8a and
are compared with theoretical predictions obtained from
the Chapman-Enskog equation (Eq. 3) using the kinetic
diameter values from the literature (Table 1). The data is
shown in a logarithmic scale, with dashed lines indicating
al/p dependency of the diffusion coefficient on pressure.

The results indicate that the diffusion coefficients gen-
erally decrease with increasing pressure over most of the
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pressure range studied. However, the monotonic behavior
of D, , is disrupted at pressures above 6 kPa. For pressure
values in the range 1-5 kPa, the measured diffusion coef-
ficients exhibit a linear relationship (in logarithmic scale)
with pressure, albeit with a slope that deviates from the
Chapman-Enskog theory. Instead of being proportional to
p~!, the measured D, , appears to follow a different power
law of pressure, specifically p* with —1 < a < 0.

This unexpected behavior may be attributed to complex
intramolecular phenomena occurring following laser excita-
tion, such as TTA, which have not been considered in the
diffusion measurements extraction. Nonetheless, the Chap-
man-Enskog equation was employed to calculate the kinetic
diameter d, of acetone for each measured diffusion coef-
ficient (Fig. 8b). Since D, , does not conform to the antici-
pated trend of 1/ p, d, exhibits pressure dependence. How-
ever, it is noteworthy that at lower pressures (p < 5 kPa), the
measured d, falls within the range of acetone kinetic diam-
eter values reported in the literature. Only at pressures above
6 kPa do the measured D, , values exceed those calculated
using the smallest kinetic diameter available from the lit-
erature, i.e. d = 460 pm (Fratantonio et al. 2020). The mean
value of d,, obtained from measured kinetic diameters at
pressures lower than 6 kPa, is 579 pm, which closely aligns
with the predictions of Almy and Anderson (2004), as well
as with the average value of all the predictions from the lit-
erature, 573 pm. The discrepancies observed in the diffusion
coefficients recorded at high pressure may stem from inac-
curacies in linear interpolation of the variance time-series.
At higher pressures, molecular diffusion is reduced, causing
slower variations in the signal profile’s variance over time.

E Experimental data - = - = - Linear fitting
7/104 p=10$‘38v8Pa .

| L
20 30 40 50 60 70 80 90 100
t- tD [ps]

Fig. 7 Illustration of the uncertainty calculation on diffusion by con-
sidering the measured slope (red dashed line) and the upper and lower
borders (black dotted line) at p = 1 kPa

Based on the propagation of uncertainty principle, the
relative uncertainty on the kinetic diameter of acetone can
be defined as

Ad, = \/ (0.75 AT)* + (0.5 AD,,)” +(0.75 Ap)>  (1D)

which depends on the relative uncertainty of the measured
diffusion coefficient, temperature, and pressure. The uncer-
tainty on temperature is +0.5 K at ambient temperature. The
uncertainty on pressure is defined as the standard deviation
of pressure variation during one image acquisition. The
maximum uncertainty value on pressure does not exceed
+1.92 % of the nominal pressure. Thus, as expected, the
uncertainty on the kinetic diameter is mainly dominated by
the uncertainty on the diffusion coefficient. Table 2 resumes
the results obtained in this work, with the respective uncer-
tainty values.

5 Conclusions and perspectives

In this study, we have demonstrated the effectiveness of
molecular tagging, an optical technique, for efficiently
measuring diffusion coefficients. The data treatment pro-
cess relies on an uncertainty analysis using R?> and SNR,
leading to the establishment of a rigorous procedure for
determining the relevant time range based on theoreti-
cal considerations and signal quality. To the best of our
knowledge, this research marks the first measurements
of self-diffusion coefficients for gaseous acetone using
this technique. We explored a pressure range from 500
to 10,000 Pa at room temperature. The obtained diffu-
sion coefficients align well with existing literature data
(Si Hadj Mohand et al. 2017; Fratantonio et al. 2020),
particularly for pressures below 5 kPa.

However, the measured diffusion coefficients do not
conform to the Chapman-Enskog equation, and an alterna-
tive power-law relationship between pressure and diffusion
coefficient appears to describe the data more accurately.
As a result, we observed an unexpected trend in which the
kinetic diameter of acetone decreases with increasing pres-
sure, and further investigation will be necessary to confirm
or not this observed trend. These findings may help explain
the wide range of values registered in the literature over the
years. The mean kinetic diameter measured in this work was
579 pm, which closely aligns with the predictions of Almy
and Anderson (2004).

At higher pressures (p > 5 kPa), our measured values
of the diffusion coefficient were higher than those inferred
from literature-derived kinetic diameters (Fig. 8a), indicat-
ing a kinetic diameter as low as 366 pm (Fig. 8b). In these
high-pressure conditions, the triplet—triplet annihilation phe-
nomenon becomes more pronounced. Accurately extracting
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Fig.8 a Measured diffusion coefficient D, , (blue circles) as a func-
tion of pressure compared to theoretical values from the literature
(dashed lines) in logarithmic scale; b Kinetic diameters d, calcu-

diffusion coefficients from the time evolution of the signal’s
variance through optical techniques in such conditions may
require a more comprehensive model that accounts for
key intramolecular processes governing triplet population
dynamics. Unfortunately, the Einstein-Brownian formula,
even within the time interval where the variance appears to
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lated from D, , by means of the Chapman-Enskog equation (orange
squares) as a function of pressure and compared to the values (dashed
lines) found in the literature (Table 1) in logarithmic scale

evolve linearly with time, does not capture these complex
processes. Further investigation is necessary to determine
whether the variation of the kinetic diameter with pressure
reflects a genuine physical phenomenon or if it is an error
influenced by higher inaccuracies in the data at higher pres-
sures, uncertainties regarding the experimental conditions
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Table 2 Measured quantities with corresponding relative uncertainty

pxAp [Pa]  D,,+AD,, [em’s7!]  d,+Ad, [pm]
587+1.93% 8.32+4.55% 600.5+2.47%
1099 +1.33% 3.05+8.46% 725.4+4.28%
1531+£0.63% 2.89+8.86% 631.0+4.44%
2016 +0.36% 2.63+9.40% 576.4+4.71%
2504 +£0.41% 2.34+9.92% 548.0+4.97%
3006+0.17% 1.97+11.6% 546.0+5.81%
3475 +0.24% 1.81+12.1% 528.9+6.07%
4016+0.05% 1.67+12.7% 512.6+6.37%
4493+0.15% 1.46+13.5% 518.1+6.75%
4988 +0.01% 0.97+20.6% 602.4+10.3%
5995 +0.04% 1.39+14.0% 459.4+6.99%
6909 +0.26% 1.67+12.4% 391.2+6.21%
8076 +0.20% 1.25+15.8% 418.4+7.92%
9012 +0.18% 1.44+14.8% 368.0+7.39%
10028 +0.16% 1.32+15.9% 365.5+7.97%

within the test section, or the need to consider the triplet—tri-
plet annihilation phenomenon for an accurate evaluation of
the diffusion coefficient based on the measured variance.

In our future research, we will focus on reducing experi-
mental uncertainties associated with measured diffusion
coefficients. This will involve a detailed analysis of the
impact of the triplet—triplet annihilation phenomenon and
temperature rise in the gas following laser excitation. We
plan to investigate these effects numerically. Additionally,
we will conduct further studies to directly measure diffu-
sion coefficients within confined spaces, including micro-
channels, to examine the localized influence of walls on
molecular diffusion at the microscale. These measured
diffusion coefficient values will then be integrated into the
velocity profile reconstruction method, which is essential
for the accurate implementation of micro molecular tagging
velocimetry.
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