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* Neutral gas temperature (7,) is a primordial parameter in plasma physics

* Crucial in applications such as:
» treating heat sensitive materials like wood and human tissue
» fuel synthesis via the dissociation of complex molecules

» properties of plasma deposited coatings
> ..

* Many techniques to determine 7
» Thermal probes
» Rayleigh scattering
» Optical emission spectroscopy (OES)
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Determination of 7, using OES
* Often relies on determination of a rotational temperature (T,,,)
» Implicitly assumes a rotational-translational equilibrium in the plasma (Ty.,; = T})

BUT

* Needs to satisfy a few criteria to be valid:
1. The rotational distribution must be thermalized
2. Energy transfer between rotation and translation is fast enough
3. No other excitation mechanism of the probed emitting levels alter this thermalization

Aim of this work
Obtain T, and T,,, independently to validate if they can be assumed equal
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Data acquisition and analysis: Gas tempe

. . ] - | -~ Ar2p-ls, o

* T, obtained from the broadening of Ar 1.3- Experimental data Py2S, -

o : 12 Voigt fit _ Ah,,, = 36.0 pm ]

2p,-1s, and 2p,-1s, emission lines at ] Instrumental broadening A\ =355 om '

1.1‘ Lor . -

~826 nm and ~841 nm — . L —a7 .

= 1.0 1 Gau ~ p'" pm -1

c . -

= 0.9- n -

* Strongly affected by resonance and Van S 4] Ar 2p_-1s, 1

. © | |

der Waals broadening < 071 AL, =35.2 pm ]

5 0.6- AL, =34.6 pm ]

* Measurements with an ultra-high- S 051 AL, = 4.6 pm ]

. . . - ] ]

resolution spectrometer (LightMachinery = 044 -
HyperFine spectrometer): spectral 0.3 1
resolution of 1.8 pm 0.2
0.1

1 L

0.0

*  AA;q¢ accounts for 5%
of the measured
line broadening

N
0T @07 gt @o” 0% g0° ot ge® o? n® 0t
Wavelength (nm)

CAP2020 - Francis Labelle 4



Data acquisition and analysis: Rotational

* T,,obtained from the rotational
structures of OH (A%2*- X?[1.) and
N,* (B2~ X°2 ;") systems using the
Boltzmann plot method:
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Experimental Setup: Microwave plasma

Microwave argon plasma at atmospheric pressure
» Two conditions of admixtures:
» H,O0 traces

> N, (1%)
Circulator +
300 W power Water-cooled load
2450 MHz

500 sccm argon flow

coupler

Microwave
power supply
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Results: Microwave plasma

Ar + water traces

Microwave argon plasma with water 2500
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A. Durocher-Jean, E. Desjardins, and L. Stafford, Phys. Plasmas 26, 063516 (2019)
C. Yubero, M. S. Dimitrijevi¢, M. C. Garcia, and M. D. Calzada, Spectrochim. Acta Part B 62, 169 (2007)
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Results: Microwave plasma

Microwave argon plasma with 1% N,
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Experimental Setup: Radio-frequency plasma

* (Capacitively coupled radiofrequency plasma produced at atmospheric pressure
» Two linear electrodes (13.56 MHz and grounded)

* 43 W power

* 420 sccm Ar+NH, Matchbox

RF generator

Solid dielectrics
Voltage probe —

@D - injection

Electrode

Electrode 2 (Gas gap)

x (Gas flow)

y (Sight)

Current probe —»

=
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Results: Radio-frequency plasma

RF Ar+NHg plasma
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S. Hofmann, A. F. H. Van Gessel, T. Verreycken, and P. Bruggeman, Plasma Sources Sci. Technol. 20, 065010 (2011)
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T

rot

is never equal to 7,

» Rotational-translational equilibrium never achieved

Ok... why?

Instability of OH radicals at gas
temperatures higher than ~1800 K

But N,? RF plasma?

Temperature (K)

CAP2020 - Francis Labelle

2500
2250
2000
1750
1500
1250
1000

3500
3250
3000
2750
2500
2250
2000
1750

Surfaguide

Ar + water traces

- I - I - I - I I I I I I - I -
® OH Rotational temperature 1
® Gas temperature

i, ;{

¢ {fiiiiiii TLIEM

—Gas flow and microwave propagation direction —3»

Surfaguide

Ar+N‘2

{ { { { { { { { { } } { { ° N; R(:tatigr;zl'::rr:ss::t:::-:

SE
jitss “”}”i; e,

Distance to surfaguide (cm)

11

1 2 3 4 5 6 7 8 9 10 11 12 13

14



Back to basics:
1. Rotational distribution must be thermalized
2. Energy transfer is fast enough
3. No other excitation mechanism

1. The rotational distribution is thermalized v/ 2. The atmospheric pressure ensure a collision

frequency between neutral atoms in the 10°
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3. No other excitation mechanism..?

Air-related molecules are very efficient in 3. In Ar+N, microwave plasma, ~85 % of the
qguenching Ar metastable states total energy transferred to neutral gas heating
» Energy close to the excitation energy is from electron-impact excitation
of OH and N,* » Electrons have a high impact on the
A. Durocher-Jean, 1. R. Durén, S. Asadollahi, G. Laroche, and L. Stafford, Plasma Process. Polym. €1900229 (2020). rotation of molecules = competition of

F. P. Sainct, A. Durocher-Jean, R. K. Gangwar, N. Y. Mendoza Gonzalez, S. Coulombe, and L. Stafford, Plasma 3, 38 (2020)
mechanisms

A. Durocher-Jean, N. Delnour, and L. Stafford, J. Phys. D. Appl. Phys. 52, 475201 (2019).

Other excitation mechanism do exist! X

Rotational-translational equilibrium not possible in both plasma conditions
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* Distinct spectroscopic diagnostic were used to characterize the rotational-translational
equilibrium in non-thermal RF and microwave Ar plasma at atmospheric pressure

. T

ot Never equaled 7,

* Influence of Ar excited states and electrons on excitation mechanism of emitting levels

» Rotational-translational equilibrium never found to be verified under studied
conditions

I .+ 1T

rot g
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