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Xoaniecoki 06uzyHu € NEPCREKMUGHUM MUNOM
naA3M08020 06uzyHa, AKUIL 3HAUWO0E CBOE 3ACMO-
cysanns 6 xocmoci. Hezeaxncarouu na ue, 3 KOHCHUM
POKOM 6i00YyeacmvCs 3poCManis 6uUMoz 00 X0JLNi6-
cokux deuzynie. Pospodxa nosux cyuacnux mooe-
Jlell X0NIeChKuUX 08UzyHie nompedye 600CKOHANEHHS
meopemuyunoi i diaenocmunnoi 6asu

Kmouogi cnoea: 3imxnenesa 6unpominio8aivHa
MoOdetb, X0NNECOKUU 06UYH 3 NIOPYII0I0UUM ederk-
MOM, ONMUYHA eMICiliHa CneKmpoCKonis, naasma,
memnepamypa eaexmponie
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Xoanoeckue 0uzamens A6AAI0OMCA NEPCNEKMUB-
HbIM MUNOM NJAA3MEHHO020 06uzamensi, KOMOPvLi
Hawen ceoe npumenenue 8 xocmoce. Hecmomps na
amo, ¢ KaNcobIM 2000M ommenaemcs pocm mpebdosa-
HUIl K X0J106CK0U d6uzameneii. Paspabomia cospe-
MEHHbIX MOOesell XO0NI06CKOU Osuzamenu Hyxicoa-
emcs 6 COBePULEHCMBO6AHUU MEOPEMUUECKOU U
duaznocmuneckoi 6a3ot

Kmouesvie cnoga: cmonxknosumensias pacuavu-
OHHAA MOOETb, XOJLLOBCKULL 08UZAMETb C NOOPYIUBA-
1ouum appexmom, onmureckas IMUCCUOHHAA CheK -
MPOCKOnUs, nIA3MA, meMnepamypa 4eKmponos
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1. Introduction

Electric propulsion (EP) systems increasing use in terms
of controlling commercial and military satellites is well
known. Its application is demonstrated in station keeping,
orbit raising, attitude control and de-orbiting at the end
of satellites life [1]. The main interactive representatives of
EP are Hall effect thrusters and ion thrusters. Considering
other EP systems, these thrusters are competitive in terms
of their performance and development cost. Its applicability
is demonstrated for small to large class of satellite platforms.

Hall effect thrusters (HET) trend of use is increased
because of its attractive characteristics. It has demonstrated
high thrust to power ratio that allows rapid orbit transfer,
capability of very good controllability of thrust, stable op-
erations for long time and limited power supply requirement
reduces EP systems dry mass [2].

In order to improve the thruster’s performance and life-
time decades of efforts are made to understand the plasma
physics. This is carried out by extracting the information of
plasma parameters and correlating it, to the reference pa-
rameters (construction material and design) of the thruster
as given in reference [2]. Similarly, the information of elec-
tron temperature (T,) profile reveals the energetic plasma
influence on thruster surface as reported in reference [3].
Further this effect of near wall T, on thruster surface is
confirmed with the erosion measurement [4]. Therefore the
plasma diagnostic technique that offers precise and quick
estimation of T, is an attractive tool for investigating the
plasma interaction with thruster surface. The main goal of
work was to develop and demonstrate the applicability of
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C-R model along with optical emission spectroscopy (OES)
for analysis of T, in HET plasma.

2. Literature review and problem statement

From last 2 decades, there is increasing interest of OES
for the HET plasma diagnostics. Intrusive diagnostic tools
encounter several challenges like influence of hot plasma
causes sputtering of sensitive elements. As a result, during
the thruster near field measurements it often leads to exper-
imental interruptions due to failure of its sensitive elements.
Also there is difficulty in reaching the complicated regions of
thrusters, complicated apparatus allows measurements only
at predefined points, exhaustive technique of T, extraction
and the required voltage sweep results in higher experimen-
tal time and cost. In order to circumvent these complica-
tions, OES method is employed for T, investigation. OES in
correlation with C—R model helps to extract the information
of T, as demonstrated in reference [5]. The accuracy of the
determined plasma parameter depends on the errors arising
from the experimental sources [6] (OES) and C—R models
design. Studies quantitatively specifying the errors inducing
from C—R models design [7] are limited as previously the
electron kinetic modeling efforts were based on theoretical
codes which lead to large uncertainties in extracted plasma
parameters. In order to calculate xenon emission cross sec-
tions different theoretical [8] and experimental approaches
were employed in past. Employing the experimental cross
sections [9] reduces the complexity of C—R model and also
it eliminates the discrepancy resulting from the theoretical




assumptions. Feasibility of determining the T, by using the
xenon experimental cross sections is given in reference [10].
Many studies are performed to confirm the applicability of
xenon C—R model for HET plasma, but using this technique
further focus on investigating the thrusters plasma phys-
ics [3] are scarce.

3. The purpose and objectives of the study

The aim was to design and test the applicability of C-R
model for determining the T, in the Hall effect thruster plasma.

To achieve the goal it is necessary to solve the following
tasks:

1. Designing the xenon collisional radiative model capa-
ble of developing the emission spectrum observed in HET
plasma. It includes line intensity selection, analysis of exci-
tation rate coefficient and line intensity modelling.

2. Kinetic models applicability testing includes obtain-
ing experimental intensity ratio and applying it to C-R
model for T, extraction.

3. Validation of kinetic model.

4. Analyzing the discrepancy betweeen the OES and de-
veloped C—R model with normalized line intensity.

4. Collisional radiative model development

Collisional radiative model is a detailed modeling of exci-
tation and de-excitation processes leading to optical emission
of line intensity.

C-R model development includes several stages. First
stage begins with the selection of line intensity sensitive for
the plasma parameter of interest (T, electron density and
species population). In second stage for accurately modeling
of line intensity it is important to understand the nature
of mechanisms and cascade transitions from higher states
responsible for optical emission. Third stage consists study
of collisional mechanisms resulting in optical emission of
line intensity which are included in balance equation. Cross
sections include the inherent transition details of line inten-
sity. By employing the emisison cross section in fourth stage,
the emission excitation rate coefficient of collisional mecha-
nisms are derived. Further in fifth stage, the rate coefficients
are applied in modeling the line intensity. Finally in sixth
stage by comparing the intensity ratio of C—R model to the
OES, T, is extracted.

In first stage, T, optimal sensitivity of line ratio of wave-
length 823.16 nm and 828.01 nm is confirmed and validated
with reference [10] at HET operational range.

Second step includes the detail study of line intensity
transitions. Most intense xenon near infrared (NIR) re-
gion lines are associated from the 2p, (Paschen notation)
excited states. Xenon atoms from upper level (5p°6p) 2p,
configuration are decaying to the 1s; (5p°6s) levels as
shown in Fig. 1. The xenon line intensity 823.16 nm and
828.01 nm has some unique characteristics. Line intensities
823.16 nm has transition probability to 1s, metastable level
and 828.01 nm has probability of radiative transition to
lower state of 1s, level, which is optically coupled to ground
state. Line intensity 823.16 nm requires threshold electron
energy of 1.51 eV to excite from 1s; level through stepwise
excitation whereas from ground state it requires 9.82 eV.
To achieve the optical emission of line intensity 828.01 nm

(2p5) with the excitation from ground state it requires
threshold electron energy of 9.93 eV. As 2p,is excited from
ground state it requires high threshold energy. Whereas the
2p, level has high transition probability from low metasta-
ble level as mostly the low energy electrons contribute to
this process [10].

Xenon neutral Xenon neutral

828.01lnm 823.16 nm
b '
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Fig. 1. In paschen notation electronic structure of
Xenon atom is indicated for 5p*6p as 2p, and 5p°6s is denoted
as 1s,. J is the total angular momentum quantum number

Third stage includes the description of collisional mech-
anisms leading to optical emission of line intensity. As
HET plasma is optically thin the reabsorption and pressure
influences are very low as confirmed in reference [11]. It is
evident from reference [10] that selected xenon NIR lines
spontaneous emission rates meet the criteria to satisfy the
condition of pure radiative decay in the HET discharge and
plume region. Therefore it is justified that in HET plasma
radiative decay of selected upper level dominate the other
means of de-excitation. Population of the ion charge higher
than Xe* is sufficiently low in HET plasma to be further
considered in intensity modeling [4]. In order to reduce
the complexity of C—R model, only dominant mechanisms
involved in the optical emission of line intensity are in-
cluded as shown in equation (1-4). By using the dominant
collisional mechanisms, it is demonstrated in reference [10]
that standard error of 11 % is observed in T, determination.
The symbol * indicates the excitation charge, Xe, Xe*and
Xe*? is xenon neutral atom, single and double ion charges
respectively, m is metastable state and p indicates the upper
excitation level.

Electron and neutral xenon atom collision:

e+Xe— Xe +e. )
Single ion and neutral collision:

Xe" +Xe — Xe" +Xe'. 2)
Double ion and neutral collision:

Xe" +Xe — Xe™ +Xe'. 3)
Stepwise excitation of metastable:

e+Xe— Xe, +e (m<p),

e+Xe, — Xe; +e. 4)
Equation (4), indicates the long life metastable atoms are

formed as a result of collisions. Using equation (5), the opti-
cal emission intensity with the characteristic wavelength of



828.01 nm (uncoupled from metastable level), 823.16 nm and
834.68 nm can be calculated:

A he A A 1- A kl(Te)
I MNN(k +oaxk’+ [ 5 )xk ][ 2 J, ®)

where I*is modeled line intensity, h is Planks constant, ¢
is speed of light, A is wavelength, N, N, is number density
of electron and neutral atoms, k%, kf, k”, is the electron,
first ion and second ion excitation rate coefficient, e is elec-
tron charge and k*(T,)/C* is fractional increase in intensity

due to metastable contribution:
a=N, /N, (©)

where o is ratio of single ion density to electron density and
N, is single ion density.

In fourth stage the electron excitation rate coefficients as
a function of T, were determined by using the cross sections
(assuming Maxwellian electron energy distribution func-
tion) as proposed in reference [11]:

ki, =(f(E.)o. (E.) Vo, (7)

where f(E,) is normalized electron energy distribution func-
tion, E, is average electron energy, o(E)) is the electron
excitation emission cross sections and V, is electron velocity:

k = Glon (Eion) 2 Eloﬂ ’ (8)

m.

ion

ki2 = GIJQn (Eion) %7 (9)
mion

where 67, 0%, are the single and double ion emission cross

sections, m,, is mass of ion. By using equation (10)—(11), on
the basis of upper state degeneracy the relative cross sections
of 1s5 to 2p, levels are employed for calculating the metasta-

ble excitation rate coefficient as given in reference [10]:

> (K + ok, +[(1-0) /2] K,

k?» T — i
O ) 2] W,

: (10)

ZP T, zp (2], +1)

¢=- PT p,(2],+1) D

where P and P, is the transition probability, T; and T, is
exc1tat10n rate coefflclent and J, is total angular momentum
quantum number.

In fifth stage by using the equation (5) optical emission
intensity is modeled. And finally at sixth stage intensity ratio of
lines with wavelengths 823.16 nm by 828.01 nm is modeled as
a function of T, as shown in equation (12). Further with regres-
sion model by comparing the intensity ratio of OES and C-R
model the information of T, is extracted accurately:

Equation (12) can be employed for different plasma
sources as shown in reference [7], by considering the vari-
ation of excitation rate coefficient of collisional processes
in gas phase depending on the application of line intensity.

5. The results of the development and
applicability of C—R model

For the diagnostics of the low power HET C—R model
was developed previously and its applicability was demon-
strated on SPT-20M8 [5]. The major difference between the
previously developed C—R model [5] and model developed
in this work is selection of line intensity ratio and associated
processes sensitive for T, range of interest.

By using equations (10—11), relative metastable contri-
bution leading to optical emission of line intensity as a func-
tion of T, is as shown in Fig. 2. Selected line intensities are
optically coupled to the 1s; level. It is evident from results
that intensity enhancement due to metastable contribution
ranges from 150 % to 300 % as observed from Fig. 2.
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Fig. 2. Relative metastable excitation rate coefficient of
xenon lines intensities as a function of T,

In Fig. 3, the rate coefficients contributing to the line
intensity of 823.16 nm are investigated as a function of T,.
It is observed that in the lower range of T, (T,<4.5¢€V)
metastable and ion contributions are dominant whereas at
the higher T, (T,>4.5 eV) electron and metastable excitation
has high contribution to optical emission of line intensity of
wavelength 823.16 nm. It is observed from Fig. 1 (grotrian
diagram), that the line intensity of wavelength 823.16 nm
requires low threshold electron energy for stepwise exci-
tation from 1s; metastable level compared to its excitation
from ground state [10]. As metastable excitation requires low
threshold electron energy it has high population as observed
from Fig. 3. Similar results are confirmed in reference [8].

Intensity ratio modeled with three electron kinetic
models hypothesis as a function of T, is shown in Fig. 4.
Three models conditions are investigated i. e. intensity ratio
modeled with metastable contribution, without metastable

contribution and with corona model (CM). It is

k823(Te) considered under CM that electrons have higher
(kizg(Te)+ ok (T,)+ [(1 -a)/ 2] kE'(T, ))( ¢ magnitude of velocity than the ion velocities. This
IT,)= , (12) results in the higher electron emission excitation

k¥ (T)+ oK (T)+[ (1- ) /2] K5 (T,)

oe



rate coefficients than the ion contribution. Therefore the line
intensity modeled with corona model eliminates the heavy
ion contributions. By comparing the line intensity ratio
modeled with different hypothesis, it is observed from Fig. 4
that at lower T, (T,<4.5€eV) higher discrepancy occurs.
Whereas at the higher T, (T,>4.5 V) this discrepancy is
reduced. Further it is confirmed from results that contribu-
tion of electron impact excitation increases with increasing
of T, as evident from CM and advanced C—R model (with
metastable contribution) line intensity ratio overlap [4]. It is
evident from Fig. 4, that intensity ratio of I¥?¥ 158 is sensitive
to the metastable contribution.
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Fig. 3. Contribution of the rate coefficients as a function of
T, of line intensity with wavelength 823.16 nm
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Fig. 4. Comparison of the line intensity ratio modeled with
C—R model and CM as a function of T,

In Table 1, T, is determined by analyzing the OES in-
tensity ratio (I827182%) of 2.009 with three kinetic models
hypothesis as shown in Fig. 4. The comparison of different
kinetic models (as in Fig. 4) will signify the influence of
models design on the accuracy of extracted T, and con-
firms its applicability on HET plasma diagnostics. In the
advanced C—-R model, complete excitation mechanisms
as given in equation (1-4) leading to optical emission of
selected line intensity is included after careful analysis of

transition levels. Further in order to determine the error in
T, measured with OES, there is need to confirm the result
with probe measurements, which is not the interest of this
article. Similar C—R model with metastable contribution is
applied on HET in reference [13] and it is accepted that the
error in measurements is lower than 15 %.

Second kinetic model represented as CM, it is also called
as Corona model which excludes the Xe* and Xe*? ion con-
tributions which are represented in equation (2-3). T, deter-
mined with CM contributes to error of 24.57 %. The third
simple C—R model eliminates the metastabe contribution
as given in equation (4) for modeling the line intensity of
823.16 nm. By comparing the deviation of T, results of CM
and simple C—R model with the advanced C—R model errors
are estimated. Errors of CM results are consistent with the
radiance of ion contribution as reported in reference [10]. It
is observed that by neglecting the metastable contribution
the T, is determined with 82.69 % of error, similar results are
confirmed in reference [10]. T, extracted with simple C-R
model and CM, leads to under prediction of results with low
accuracy. In Table 1, it is concluded from the experimental
data that advanced C—R model with metastable contribu-
tion measures the T, most accurately with error lower than
15 %. These results are confirmed at number of data points
and so further the advanced C—R model will be applied for
the HET plasma diagnostics.

Table 1

T, is determined in HET discharge plasma with
three kinetic models

- Advanced .
e | CRmodel oM oions) | Sple ¢ R o
(with metastable)
T.(eV) 15.98 14.45 2.73
Error (%) <15[13] <24.57 [10] 82.69 [10]

The applicability of lines ratio I82%/1828 for investigating
the T, is demonstrated in reference [10]. In Fig. 5, the rel-
ative line intensity ratio is plotted obtained from designed
C—R model and OES as a function of T,. By comparing the
experimental (OES) and C—R model intensity ratio it is con-
firmed that the line ratio is sensitive in the range of 1.8 eV
to 30 eV. Latter, the linear dependence of the intensity ratio
is observed till 70 eV. T, above 1.8 eV upto the maximum
range of 70 eV can be determined by using the selected
line intensity ratio of I82°/18%8, OES experimental intensity
ratio observed in near-field HET plasma as a function of T,
is shown in Fig. 5. Measurements are performed at 3 radial
positions with T, value of 14.37 eV, 16.13 €V, and 17.26 eV
as shown in Fig. 5. Middle power HET tested in this work
is investigated in the operational regime and investigation
position similar to that of BPT-600 thruster. Range of near
field T, determined for the middle power HET is in agree-
ment with the numerical T, result reported in reference [14]
for BPT-600 thruster.

Equation (13) is used to model the normalized line in-
tensity where the intensity of each line is divided by sum of
all lines:

I?»

I?»
Exp C-R Model

i i ’
Z IExp 2 IC-R Model
i i

(13)

INor =



where Ty, g, T g woaa aT€ the normalized, experimental
and C—R modeled line intensity, i is the number of line in-
tensities included in the analysis.

Using equation (13) normalized line intensities of se-
lected xenon NIR lines are shown in Fig. 6. OES and C-R
model line intensities are measured at distance of 2 mm
from thruster exit with discharge voltage of 300 V. It is ob-
served from normalized line intensity that the errors arising
from metastable approximation of wavelength 823.16 nm
is 3.33 %, whereas for wavelength 828.01 nm which is un-
coupled from metastable level it is about 18.10 %. Lower
discrepancy (8) is observed between experimental and C—R
modeled normalized intensity. C—R model line intensities
are in better agreement with value of o equal to 0.8 as shown
in Fig. 6.
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Fig. 5. Line intensity ratio of OES and C—R model of
xenon wavelength 823.16 nm and 828.01 nm as a function of T,
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Fig. 6. Normalized line intensities of
xenon NIR lines of interests

By employing the line intensity ratio method for T, de-
termination, sources of errors arises from the experimental
and kinetic models design. Errors arising from the exper-
imental sources are eliminated with researches performed
in reference [6], although further uncertainty of 2.5 % is
considered. In the designed kinetic model the means of error

appears from the line intensity modeling and the method
employed for the T, extraction. By using the equation (14),
the deviation between the experimental and C—R model
line intensity ratio of I8%3/I%%% is analyzed. It is observed
from the results that the line intensity ratio modeled with
the designed C—R model with metastable contribution has
error of 12.49 % at T, value of 15.98 eV. Regression model
is employed for extracting the T, by correlating the OES
and C—R model line intensity ratio. It is confirmed from the
experimental results as reported in reference [5], that an er-
ror arising from regression model is lower than 1 %. So it is
justified that the total error in the T, determination is lower
than 15 %, similar results are confirmed in the reference [13],
in which the C—R model is applied on the GPT-1 thruster.

823 823
IEXP _ ( IC—I{ model ]
828 828
IExp IC—R model
823
IExp
828
IExp

From test results it is predicted that by using the line
intensity ratio I%/I8% T_is determined with error less than
15 %. It is evident from the lower discrepancy between the
experimental and theoretical results that the C—R model is
successfully designed and its applicability is confirmed for
the HET plasma diagnostics.

Theoretical error =

x100. (14)

6. Discussion of electron temperature and
C-R model results

Feasibility of determining the T, by using the C—R model
in correlation with OES is demonstrated by investigating
middle power Hall effect thruster plasma. This tool allows
precise, stable and quick estimation of T, in (1.8 eV to 70 ¢V)
wide range of HET operation further it reduces the experi-
mental time, complexity and cost. Accuracy of extracted T,
with line intensity ratio method applied in this work depends
on errors arising from the OES (experimental sources) and
C—R model (theoretical model) design. Errors arising from
the experimental sources are eliminated as reported in ref-
erence [6]. Further to reduce the T, uncertainties resulting
from theoretical assumptions, NIR lines experimental cross
sections were employed.

In order to simplify the electron kinetic model other
assumptions were considered such as relative metastable
excitation rate coefficient was employed as proposed in ref-
erence [10]. This further contributed for the error of 3.33 %
as observed in modeling the line intensity of 823.16 nm. The
range of T, investigated using this kinetic model is limited
from 1.8 eV to 70 eV.

The designed C—R model can be applied for the T, di-
agnostic for the electric propulsion thruster propelled with
xenon as propellant. This tool is attractive to perform the
measurement in the critical areas of thruster as given in
reference [13]. Importance of T, information in HET plas-
ma is discussed in section 1. This parameter can be used as
reported in reference [3] for confirming the thruster design
that reduced the interaction between energetic plasma and
thruster surface. This diagnostics tool allows possibilities of
studying the electron transport phenomenon in HET.

This model is applied to the middle power HET T, inves-
tigation which results will be published in future. Further



research will be carried out to improve the measurements
between experimental and theoretical model.

7. Conclusions

1. Xenon C—R model is designed and further by using the
line intensity ratio I8%3/18%8 T is investigated in the middle
power Hall effect thruster plasma.

2. Three kinetic models were tested for investigating
the T, in the range of 1.8 ¢V to 70 eV. It is concluded from
results that 1322 /182¢ modeled with advanced C—R model that
includes metastable contribution is applicable for the middle
power HET plasma diagnostics.

3. Significance of collisional mechanisms is confirmed
experimentally by comparing the T, results obtained from

three different electron kinetic models and the discrepancy
of T, is analyzed. It is confirmed that the T, results are in
good agreement with the BPT-600 thruster operating in
same operational regime.

4. T, is determined with error less than 15 %, as con-
firmed from normalized intensity results. Further by im-
proving the line intensity modeling accuracy with C-R mod-
el and reducing error from OES, the extracted T, accuracy
can be improved.
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