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Iodine is being studied as the next generation propellant for electric propulsion: dense,
stored as a solid, it is also much cheaper than xenon for similar mass and ionization poten-
tial. Iodine plasmas are more complex and less studied than noble gases plasmas, leaving
electric propulsion engineers with few models and diagnostics in their toolkits. Here we
present three experimental diagnostics deployed on a low pressure Radio-Frequency in-
ducted Inductively Coupled iodine plasma discharge. Two optical diagnostics are used to
probe the I atom and the I» molecule: classical absorption at 1.3 um gives the line-of-sight
integrated temperature and density of I; low-resolution broadband absorption spectroscopy
between 480 and 500 nm gives the line-of-sight integrated density of I>. A Langmuir probe
is used to determine the electron temperature and the negative species density at the centre
of the plasma, provided that the data are treated by taking in consideration the electroneg-
ativity of the plasma. Comparisons with a global model derived from Grondein et al., 2016
tends to-suggest that the recombination coefficient at the walls is underestimated for our

setup.
Nomenclature
I = amplitude of the RF current
v = wavenumber in inverse cm
A = wavelength in nm
o = cross section in m?
d = optical depth, dimensionless

*PhD student, florian.marmuse@Ipp.polytechnique.fr
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I. Introduction

HE experimental measurements are done in the PEGASES ion source [1], with no acceleration stage. The
Tcomplete PEGASES thruster features an additional acceleration stage made of two grids, dedicated to
the acceleration of positive ions, or both positive and negative ions. The ionization chamber is a 12 x 12 x 8
cm rectangle and is closed by a floating aluminium plate of 2 mm thickness with a 1 cm diameter hole in its
center. The plasma is generated via a 4 MHz flat coil separated from the chamber by a 3 mm thick ceramic
plate. The PEGASES chamber is equipped with optical access on each side of 8 cm * 5 mm. The windows
installed are mounted at Brewsterangle to caneel reflection. This has also the side effect of havi .. ‘he glass
farther from the plasma-limiting window deterioration. The vacuum setup is detailed Figure 1.

I, source |, mass flow controller
85°C so'c 110°C
Heated pipes

RF matchbox Vacuum Chamber

Cooling system — 0L
i 6.10"3 mbar at 10 sccm
PEGASES
ion source
4 MHz RF generator
Liquid N2 trap
Turbopump

Scroll pump

Figure 1: Vacuum setup: PEGASES adapted for iodine plasmas

The power discharge detailed in the entire paper corresponds to the power sent by the RF generator,
from which is substracted the reflected power and the power lost in the coil with the method from Valery
Godyak detailed in [2]. The power lost in the antenna is-shows, to be equal to 0.24 125 with I the current
amplitude and the 2.5 faeter showing a strong self-inductance effect.

The objective-of the measurements presented here are to characterize the iodine plasma created in the
chamber and compare to global models derived from [3]. The current work aims at measuring the density
of I, Iy and electrons, as well as the temperature of I and electrons.

II. T absorption at 1.3 micron

HE transition probed is the fine structure of the fundamental state of the I atom. It’s a weak magnetic

dipole transition coupled to a electric quadrupole transition, whose cross section and hyperfine line
strengths have been calculated by Ha et al., 1995 [4]. The 6 observed hyperfine lines are detailed Figure 2.
This laser absorption experiment leads to a line-of-sight integrated value of the density and temperature of
the I atoms in the plasma. One characteristic of this experiment is the very low absorption of the transition.
Even with nine passes through Brewter-angle windows, the data presented here are close to the limit signal
to noise ratio and-a—cavity-ring down spectroscopy absorption has-been tested for lower pressure, sithout
good results yet due to unstable plasmas at very low pressure.

A. Setup

HE optical setup is shown Figure 3. A tunable diode is used to probe the plasma. The light beam
Tis directed to pass 9 times in the plasma and is collected by a photodiode. The diode is scanned in
current, leading to a modulation in wavelength with time. No lambdameter is used to measure the current
wavelength, hence the wavelength range of the spectra is recalibrated: it has been shown that the wavelength
emitted by the laser is quadratic with time, hence measuring a set of three or more peaks allows to recalibrate
the whole spectrum, using peak location from the literature. A Fabry-Perot interferometer is also installed
and used to verify the calibration or to recalibrate spectra with less than three peaks.
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Vinoy = 7603|cm™
Amoy= 1.315/um

F=4

2
P3/2 V/_ F=3
F=1

Figure 2: Levels of the hyperfine structure in the fundamental state of the I atom probed in the experiment

B. Method

NCE recalibrated, the spectrum is fitter with Doppler-broadened Gaussian peaks. The analysis presented

here is done on the three smaller peaks between 7602.6 cm~! and 7602.75cm ™! (1.315 um). Each data
point comes from the acquisition of two spectra, one with plasma and a reference spectrum without plasma,
both of them shown Figure 4a. The laser diode’s wavelength is swept in time by changing the diode current.
Therefore, an increase in time along the x-axis corresponds to an increase in intensity and an increase in
wavelength. The increase in intensity and possible non-linearity are corrected by dividing the data by the
reference spectrum, giving transmission, that is plotted against recalibrated wavenumber on Figure 4b. The
reference spectrum is not taken at the same time as the other spectrum, resulting in a transmission sometimes
not being equal to 1. The optical depth is calculated using the classical formula (1), where n is the density
of absorbing species, o the cross section and [ the path length in the absorbing medium.

lodine
injection

Vacuum

Brewster angles windows
on each side to avoid reflections

Optical isolator

Figure 3: Optical setup with the PEGASES Ion Source. The setup was later modified to make 9 passes
through the plasma.
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d(v) = nlo(v) = 1n<£)> (1)

The baseline d,, is characterized by a unknown third-order polynomial during the fit process. The optical
depth dpiasma is described as the sum of three gaussian peaks. The final fit is

d=da(w)+ Y di(w)

1

Each peak is written

w— woq)?
d;(w) = B; exp <_(04Ti071)>
With « kept constant, and defined as

_ 2kwi[rads™']  8kw?10*72[cm ]

mc? m

The density for each peak is then derived by dividing the peak area B;v/7waT by the path length [, the
mean angular frequency wy, the total cross section G and the line strength within the hyperfine structure

Qi.
o BvwaT _ B 2k7T
T GOiw GO N me
C. Results

In the next plots, the temperatures and densities plotted are the average between the lines 3 <— 3 and 3 + 4.
This choice has-been made for several reasons: both lines are intense, they give matching results in the
preliminary analysis, they can be taken simultaneously in a single measurement. The displayed error bars
are the discrepancy between those two lines.

TEMPERATURE Figure 5 shows the temperatures for four different values of pressure: 1t can be seen that
temperature increases with pressure, and-+ 3 a 33 wvior, The measured
temperature does not depend on dlscharge power. The error bars are rather small and glve confidence in
the measurements.

DENsITY Figure 6 shows the densities for the same four functioning points and, as expected, the densities
increases proportionally with pressure. It also shows that the densities are nearly constant with discharge
power, indicating that the plasma has reached a steady state where the dissociation of I is balanced by
other recombination phenomena.
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(a) Raw data and reference spectrum
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Figure 4: Example data analysis for I absorption at 1.3 pm on three absorption peaks.
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Figure 5: Temperature-evolution of the plasma for different discharge power and pressure. The experiments
hawvebeen performed at constant mass flow rate and the pressure displayed is the average pressure over the

data set.
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Figure 6: Densityevolution-of theplasma for different discharge power and pressure. The experiments have

been, performed at constant mass flow rate and the pressure displayed is the average pressure over the data
set.

ITI. I, broadband absorption between 480 and 500 nm

HIS second experiment aims at measuring the line-of-sight integrated density of the Iy molecule. The
Tabsorption cross sections of Iy are shown Figure 7. Figure 7a shows two main absorption bands, under
300nm and from 450 nm to 700 nm. The structure of the second band is detailed Figure 7b: an absorption
continuum is present until 500 nm and a second part presents a strong rovibrational structure until 650 nm.
The data are from Saiz-Lopez et al., 2004 [5].

—18
10716 . . . : : - ‘
& G —— Saiz-Lopez et al., 2004
‘é 10-17 E/ 5F- -] 4 idem, averaged 5 nm H
= o
2 .8 4+
$ 10718 g
¢ s 31
= —-19
g0 Ll
e g
g 2
2 10-20L 5 11
< ; < sk I I
10721 L : : : v . 400 450 500 550 600 650
200 300 400 500 600 700 Wavelength (nm)
av ;
Wavelength (nm) 8

(a) Absorption cross sections of the Io molecule between(b) Absorption cross sections of the I; molecule between
180 and 750 nm 400 and 650 nm, with a 5nm average to smooth the rovi-
' brational structure.

Figure 7: Cross section data for I from Saiz-Lopez et al., 2004 [2]

A. Setup

The optical setup in shown Figure 8. Light from the tungsten-halogen bulb in the DH-2000 UV-VIS-NIR
lamp from Mikropack-OceanOptics in injected in the plasma through an optical fiber. After reflection on
a flat mirror on the other side of the PEGASES ion source, the light is collected through a collector and
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a optical fiber by a FLAME-S-UV-VIS-ES spectrometer from OceanOptics. The spectrometer has a range
from 200 nm to 850 nm and a resolution around 0.5 nm.

odine I?I

injection | H

RF coil

V.
4 MHz acuum

HALOGEN

SPECTROMETER
LAMP

Figure 8: Optical setup for the broadband I absorption experiment. The windows are still Brewster angle
windows.

B. Method

Using the classical absorption formula, the Is density can be deduced from the measured optical depth if the
cross-section is known:

I(\) = I(A) exp(—nLa(A)

Theoretically, the entire wavelength range could be used for the measurement. Practically speaking, the
measured absorption does not fit the literature data outside the continuum located between 450 and 500
nm, whether or not a plasma is turned on. The method has been experimented in PEGASES filled with
pure Iy, with no plasma, for validation, as shown Figure 10. I absorption is measured for a certain flow of
I,. The pressure is monitored with a capacitance manometer pressure probe. Figure 9a shows the optical
depth in the spectral region of interest for the different pressures. A wide absorption band can be seen,
more important as the pressure goes up as expected. Figure 9b shows the densities obtained in the reduced
spectral range 430nm to 505nm - the continuum - when dividing each data point by the corresponding
cross section from [2]. The density is not constant over the entire continuum as it should be, the noise and
decrease under 450 nm being most probably related to the strong decrease both in intensity of the lamp and
of the cross section. For future plots, the value plotted is the average over the 480 nm to 500 nm range.

le2l

2.5
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1.0 1 /‘\//\/\Mw\mﬁr\/\v/\[\f“’m AN~

0.0 A nlAhANWM

Optical depth
I, density (m~3)

400 450 500 550 600 650 "430 440 450 460 470 480 490 500
Wavelength (nm) Wavelength (nm)
(a) Optical thickness of I in the chamber with no (b) Iy density obtained by dividing the optical depth by
power injection. the cross sections, plasma OFF

Figure 9: Data analysis example for the broadband spectroscopy measurement, plasma OFF.
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Figure 10 shows the density of I measured with this method against the pressure measured. It can be
seen that the linearity is respected, and the data can be very well fitted with a perfect gas’ law (P = nkT)
with 7" = 311K, in agreement with the experimental conditions.

le21l
1.4 0 experimental data
ideal gas at 311K .
1.2 1
& 1.0
j
e
> 0.8 "
o
@ I'e
S 0.6 ¥y
0.41 N
»
0.2 1 ‘
0.0~ .
0 1 2 3 4 5 6

Pressure (Pa)

Figure 10: Measured I density and pressure correspond to the behavior of an ideal gas at 311K

C. Results

With plasma turned on, the shape of the absorption band outside the continuum is modified, mainly because
of the population of the vibrationnaly excited levels. The shape of the continuum between 480 and 500 nm
is still coherent, providing a constant density over this wavelength range. Figure 11 shows the results of a
measurement campaign performed at 5 different mass flow rates in the PEGASES thruster equiped with its
Brewster-angle windows. The lamp does two passes in the plasma. One can see that the density of I is
rather constant with the discharge power at the power probed. The I5 density is increasing with mass flow
rate, as more iodine is brought in the thruster.

1e20

N Pttt gy

| b
R AT AT

;] R EFTRwY

1.5Pa
3 Pa

4.5Pa
5 Pa $ *04° )
6.5 Pa ¢

1, density (m~3)
»H

80 100 120 140 160 180 200 220
Discharge power (W)

Figure 11: Measured Iy density for different discharge powers and pressures. The experiment was done at
constant mass flow rate and the pressure displayed is an average pressure over the data set.
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IV. Langmuir probe measurements

LECTRONIC density and temperature are often derived from Langmuir probe measurements in this kind
Eof plasma. A two-pin Langmuir probe has been placed in the plasma. Each pin is made of tungsten,
200 microns in diameter and 3.9 mm in length. Both pins are connected to the outside measurement system
VGPS through a two-hole glass capillary. The results shown here are preliminary results computed with the
OML method neglecting the electronegativiy of the plasma.

2.00

—— 2.5 sccm 108 4
—— 5sccm
—— 7.5 sccm
—— 10 sccm

1.751

1017 B

Electronic temperature (eV)
o o = - -
w ~ o N w
o (%] o (5] o
! ) \ ) !
Electronic density (m~3)

— 2.5 sccm
—— 5sccm
0.25 —— 7.5 sccm
—— 10 sccm
0.00 T T T T T T T 1016 T T T T T T T
50 75 100 125 150 175 200 225 50 75 100 125 150 175 200 225
Discharge power (W) Discharge power (W)
(a) Electronic temperature (b) Electron density

Figure 12: Preliminary data from the Langmuir probe measurements, using the OML method and neglecting
the electronegativity of the plasma. The full lines are outputs from the global model.

The global model parametered in mass flow rate gives a pressure slightly different from the experiments.
Once the grid transparency adjusted (2% instead of 1%) so that the pressure output roughly matches the
measured pressure, a good agreement is found for the electronic temperature, but the measured electronic
density is one order of magnitude too low.

V. Discussion and comparisons with a global model

A. Estimation of I, dissociation: experiment

If we consider that the pressure indicated by the capacitance manometer is the neutral partial pressure
corresponding to I and Is, we have now three information, one of them redundant, to estimate the dissociation
of I in T atoms. Figure 13 shows the ratio between the I partial pressure (p; = nykT7) and the total pressure
measured in PEGASES. It shows a dissociation of I around 40% and seemingly slightly increasing with
pressure.

The independent measurement of Iy density at the same pressures and powers is meant to validate the
pressure measurement. The results are shown Figure 14 where the cumulative densities are plotted: it shows
a dissociation of around 20%.

B. Line of sight integration and radial profile

One expected strong bias of the current setup is the part of the path that happens within the Brewster angle
windows. One path in PEGASES is 12cm in the plasma and 8 in the windows(4cm each side) where no
plasma can be seen. The current assumptions made for the analysis here are:

e There is no I atom in the windows, which means that the recombination rate is considered high.

e The I5 density and temperature are homogeneous in the plasma chamber and in the windows. Previous
work have shown that in such a plasma the neutral species are depleted in the bulk and accumulate in
the edges. An accumulation of Is in the windows and a depletion in the bulk would mean the current
plots overestimate the I density in the plasma and underestimate the dissociation.
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Figure 13: Ratio of I pressure mesured with laser absorption over total pressure measured with capacitance
manometer
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Figure 14: I density measured with laser absorption and Iy density measured with broadband absorption

C. Global model

The global model simulation, made with a model derived from [3], shows a dissociation over 90%. In
particular, the I density is four times higher in the simulation than what is really measured. The Iy density
is 20 times lower in the experiments than in the models. This suggests that the I to Iy surface recombination

factor is waysmereimportant that the factor 0.02 used in [3].
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Figure 15: Outputs of the global model
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