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Abstract

Optical emissions of three different xenon
operating anode layer Hall thrusters (TAL) have
been measured in the range of A=2600-11000
Angstroms. Several tens of discharge as well as
plume radiation spectra were obtained in various
conditions of the TALs operation. Spectra taken at
different time, but at the same condition appeared
to be identical to the extent of the measurement
accuracy, indicating stable performance of the
thrusters. More than 430 individual transitions of
Xel, Xell and Xelll have been identified in the
spectra. Some strong lines of the erosion products
have been detected in specially dedicated
experiments. The emissions bebavior have been
investigated in different regimes of TAL operation.
Plume radiance decay downstream the plume have
been measured. Implementation of optical
diagnostics for TAL performance evaluation and
future plans are also discussed. The experiments
and the data analysis are underway.

Introduction

Hall thrusters with closed electron drift,
such as the TAL developed at TSNIIMASH, are
increasingly being considered for different
spacecraft propulsion requirements. The mission
and integration requircments for these various
applications are varied. In order to confirm the
utility of anode layer thrusters to meet these
requirements various experimental and analytic
tools are available. This investigation considers the
suitability of emission spectroscopy as a diagnostic
tool for evaluating mission and integration
requirements of anode layer thrusters as was
previously done for stationary plasma thrusters'.

Previous investigation of TAL emissions
at TsNIIMASH have been done on TALs operating
on propellants other than Xe (Li, Bi, Cs, Ar),
therefore we had no any radiation spectral data
from Xe operating TAL. From the other hand, past
investigations of the stationary plasma Hall
thrusters (SPT) using emission spectroscopy have
demonstrated the possibility of non-intrusively
evaluating the xenon plasma composition and
estimating the optical contamination produced by
thruster operation'“. During this study these
aspects of the anode layer thruster operation were
evaluated at TsNIIMASH using a new
experimental system which was developed
expressedly for this purpose. Additionally, topics
that were considered during this investigation were
how the optical emission from anode layer
thrusters changed with operating conditions and if

emission spectroscopy could be used as a real time,
non-intrusive erosion diagnostic. Future plans for
extending this diagnostic for evaluating the plasma
state within the anode layer thruster are also
discussed.

Apparatus and procedure

The optical measurements have been
carried on concurrently with TAL performance
tests. The TSNIIMASH test facility where the tests
are performed as well as the test procedure are
described elsewhere (see Carner, C.E at al, for
instance)®. The vacuum chamber is now equipped
with a quartz window, giving an opportunity to
work in the UV region of spectum. An illustrative
sketch of the experimental set up is given in fig.1.
Three different TALs, D-38, D-55 and D-100 have
been tested. All of them used xenon as the
propellant. General characteristics of the TALs as
well as detailed information about their design and
performance characteristics may be found in
literature*’.

Two acousto-optical spectrometers were
used for spectral measurements in most
experiments. Some spectra were taken with the use
of traditional grating monochromator followed by
photomultiplier. The dispersing element which
substitutes optical grating in the acousto-optical
spectrometers is a quartz monocrystal. High
frequency acoustic wave is gencrated in the crystal
sefting up a periodical spatial oscillation of the
refractive index. Light diffracted on this periodical
structure gives constructive interference only when
the phase synchronism condition (Bragg condition)
takes place:

dk=K,

where dk is a difference between falling and
scattered light wave vector, and K is the acoustic
wave vector. Therefore, one can change the
wavelength of the reinforced light by changing the
acoustic wave frequency. Specifically in these
experiments the use of the acousto-optical
spectrometers was justified, because they were
easier to handle, had no high orders spectra
contamination and had better spectral resolution
than available grating monochromator. However,
side these spectrometers had a complex
instrumental function and provided only discrete
scanning of spectrum resulted from the acoustic
wave frequency stepwise changing. Some
characteristics of the spectrometers are given in
Table 1.

All three spectrometers were calibrated
across the standard radiation sources based on
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tungsten ribbon lamp (visible and near IR region)
and deuterium lamp (UV region). Normally one
spectrum per about four minutes was measured as a
reasonable compromise between limited time of
experiment and acceptable signal to noise ratio.

Four different lines of sight were chosen
for the spectral measurements (Fig.2). Discharge
radiation was measured, when the spectrometer
line of sight was sct up at the first position,
whereas plume radiation was measured at the
positions 2,3 and 4. The lines of sight crossed the
engine axis at 4.7, 15 and 22.6 cm from the exit
plane. The reason for this was that at 4-5 cm a
plume core has been developed stretching over
approximately 15-20 cm downstream from D-55
and D-38 thruster exits. At this distance plasma
flux is already formed in axis-symmetrical flow
with pronounced maximum of current density at
the axis’. Whereas, st the distances longer than 20-
22 cm the plume glows uniformly.

Indeed, measured signals were integrals
along the lines of sight But in course of the
discharge  radiation measurements  most
contribution to the signal came from the discharge
itself The plume radiation measurements at the
closest to the discharge region (line 2 in fig.2)
mostlyMbyamllceumcmsmle core
region located at the axis. Yield from the
peripheral regions of the plume was negligible
here. For the line-of-sight 3 radiation collected
from peripheral regions could impact the signal to
some exteat. And for the line 4 the signal
cssentially was an integral along the line-of-sight.
In these experiments we had no a provision to
move the lines-of-sight far enough off from the
thruster axis. Therefore, utilization of the Abel
conversion technique was not possible at this stage
of the research.

Results and discussion

Most of the data were cbtained from D-38
and D-55 engines 0 far. Just some spectra (mainly
in the near IR region) have beea taken from D-100
by now. Spectra taken at different times but at the
same working conditions were identical to the
extent of the measurement accuracy. This fact
indicates stable performance of the thrusters.
Figures 3 a, b and ¢ represent typical discharge
radiation spectra processed under assumption of
the optically thin plasma. Spectral radiation per
solid angle unit from the hole volume of the
discharge is presented in these figures.

As it seen from the pictures the spectra
overlap at the edges, so one can find the same lines
in different spectra. The fact that the same lines
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may have different heights in Figs.3a and 3b is
resulted from different spectral resolutions of the
spectrometers (see Table 1). Integral radiation in

More than 430 lines of Xel, Xell and
Xelll have been identified in the A=2600-11000 A
spectral region. Most of them (sbout 260) were due
to singly ionized Xell radiation. In the UV and
visible region of spectrum the Xell emissions arc
dominant. Almost all detected Xelll lines were in
the UV-region. IR radistioa spectra practically
consist of strong Xel cmissions only. The most
prominent Xe I lines, which can be casily found in
a low tempessture xenon plasma are comparsbic
but weaker than strong Xe H lincs in the TAL
discharge plasma. Doubly ionized Xe Il caiesions
in the UV region are comparable with those of
Xell. Amomg other species cmission of OI
(A=7774.2 A) manifold was recogsiaed in almost
mmmn.(z-sxz,amh.wn

Comperison of the TAL spectra with the
SPT-100 spectra’ shows a great deal of similarity

same power and thrust as the SPT-100 was
estimated to be sbout 35 mW/cm®. This value is
reasonably higher than 31 mW/cm? inferred from
the data obtsined at SPT-100 thruster exit piane'
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In some experiments the possibility of
TAL life time evaluation basing on the analysis of
erosion products emissions was investigated. It was
difficult to detect the emission of the ecrosion
products in the TALs with external anode layer.
Therefore, D-38 thruster with extended discharge
chamber was used in these experiments. As the
result some strong lines of the erosion products
have been detected. As an example, the behavior of
some Crl emissions is presented in fig.5 too.

Fig.5 indicates that behavior of the curves
belonged to the Xe II is essentially different at the
point 1 in comparison with those of Xe L From the
other side, in the working regime modes (points 2
to 9) all xenon lines exhibited similar behavior
with a little difference betweea Xel and Xell,
whereas behavior of the erosion products emissions
was substantially different. One can se¢ the Xe
lines intensities grow with increase of the current,
whereas Cr lines intensities fall down. This can be
easily explained by the dependence of erosion
coefficients on the ion energy’. As soon as the
erosion cocfficients decrease quite rapidly with the
voltage in this region, even small voltage reduction
related to the current growth (see fig.4) appears to
be enough to result in the substantial decrease of
the erosion. Once again, it should be stressed that
these lines were not found in the spectra obtained
from7TAI,swimﬂxeextermlanodelayetsuchas
D-55".

Fig.6 represents total discharge radiation
power from the D-38 thruster in different modes of
operation. The thruster power consumption and
current curves are shown in this figure for
comparison as well.

Experiments performed with different
thrusters showed that their spectra are identically
featured differing in absolute values. Exception
were some minor features not related to xenon
radiation. For example, intengities measured in D-
38 radiation spectra at close to the nominal regime
of operation (U=303 V, [=2.55 Amp.) were lesser
in average than D-55 intensities, resulting in
integral discharge radiation of 0.13 Watts in the
visible region in comparison with 0.58 Watts for
D-55 at nominal regime (U=302 V, [=2.44 Amp.)
in the same wavelength region. It should be
mentioned, however, that anode of the D-38
thruster was located in the depth of the thruster
body, whereas the D-55 had external anode located
practically at the exit plane. This made part of the
D-38 discharge obscured by the thruster body in
comparison with the D-55 where all discharge
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volume could be observed from the spectrometer
position.

Fig.7 shows radiation intensity evolution
of selected Xel, Xell and Xelll lines from
discharge downstream the plume. Upper level
energies of the correspondent transitions are given
in the round brackets’. As it is seen from fig.7
emissions from differeat spices evolve in different
ways. Xel emissions fall downstream the plume not
as much rapidly as those of Xell amd Xelll
Obviously, this may be resulted from the fact that
concentration of neuiral Xe atoms decreases
downstroam the phame not as much capidly as that
of ions. Hewever, lincs belonged 0 the sams ion
exhibit diflseat bobevior as well. In gomeral,
intemsity of Shose Necs falls moss maphdly which
mmaummmu-qu

38 and D-$$ thrusters radiation ot close 10 nominal
operating conditions. However, recorded signals
indicated rather broad frequency spectrum in the
region of teas k¥z. Comparison with current signal
corresponds in genesal to the current oscillations.

Meanwhile, in the operating regimes
which are close to the maximum of the discharge
current on the VC curve a tendency had been
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developed to the periodical oscillations appearance.
This effect was expressed more for D-100 thruster,
operating with high mass flow rate. In this case
oscillations frequency changed roughly from 30 to
50 kHz depending on voltage, whereas signal
modulation was of some tens percents. Study of the
oscillation is underway.

Implementation of optical diagnostics

for TAL performance evaluation.
Future work plans.

Optical diagnostics is  traditionally
considered as a powerful tool for determination of
plampum.mmufpmmswuksmmed
to Hall thrusters optical have been
performed on SPT devises'>'*''. Of course, all
dlmmﬂndsmdmmmwksam
applicable for determination of the TAL plasma
parameters 00. However, to infer the parameters
from measured spectra one has to make some
preliminary assumptions about the plasma
conditions. One of these assumptions is that the
TAL discharge and plume plasmas are optically
thin. This assumption looks reasonable for rarefied
TAL plasma, indeed, as soon as even maximal
absorption cross sections for atomic lines is much
less than I/NL, where N is absorbing component
coacentration and L is plasma dimension along the
line of sight. This allows emitted radiation to come
freely out of the plasma without any absorption.
Therefore, no need is to solve the radiation transfer
equation. In this case measured radiation intensity
resulted from atom (iom) transition from i-level to
k-level is simply related with concentration of the
excited atoms in i-state as:

dxly =Ahv QNQd, )
where A, -spoataneous radiation decay probability,
{-distance along the spectrometer line of sight,
N0 - concentration of stoms (ions) in i-state, Aw
encrgy of emitied light guantum, (J-spectrometer
field of view solid angle.

Next reasomsble assumption would be one
of TAL plasma sxial symmetry. This assumption is
based on the general design of axisymmetrical
TALs. For such types of plasma the excited state
concentration is determined from equation (1) by
using Abel coaversion techmique. A set of
measurements along different lines of sight located
in perpendicular to the thruster axis plane is
required for this. However, sometimes relatively
small plasma regions can be found, which
definitely provide most of contribution to the signal
along the line of sight. Example is the
measurement of radiation from a small but
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intensively radiating discharge region through
relatively low radisting plume. In this case
contribution from the low radiating regions may be
neglected and need vanishes in integration of the
equation (1). Then the relation (1) provides the
casiest way (0 determine the concentration of the
excited species from measured intensity of
radiation. The main uncertainties here are
addressed to the radiation decay probabilities.
Accuracy of our measurement of the radiation
measuresments and from 8 to 30 percent for
sbeolute measurements.

To use equation (1) for calculation of the

for TAL too. The basic asmmptions sre as follows:

1. Atomic (iomic) levels with high
principle numbers n>n, are in collisional
equilibrium with free electrons in

from which Boltzmann statistics can be used to

the growth of upper level prisciple number of the
excited atom. Hence, starting from some level the
probability of its collicional de-excitation becomes
mmnﬂmmmmm
this case is uwsed to call collisional-radiative
equilibriom (CRE)'™". Radistion intemsity under
this condition is related 90 the plasmm eclectron
temperature trough:

I &
In—2—+ const = - —%- Q)
A.’wgi kT‘

where &, - upper level energy, g; statistical weight
of the idevel. Being plotted versus &, the
inly/Auk vg; value must fall on a straight linc. The
clectron temperature 7, can be determined from
the slope of this line to the X-axis. The Boltzmann
plots like this built for SPT plasma radistion' gave
csscatial scattering in the electron temperature
values. Taking into accounat similarity of TAL and
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SPT-100 spectra, not surprising is that our quick
look evaluation of the TAL discharge electron
temperature gave the same result. This fact
indicates that not all considering levels are in CRE.
Reasonable would be to find quite high levels for
which CRE model can be applied, but due to the
lIow probability of the spontaneous decay, radiation
from these levels would has relatively low
intensity. Perhaps, desired signal to noise ratio
could be gained from improving of radiation
detecting technique. We plan to do this work in the
nearest future.

2. Corona equilibrium (CE) model'*" is
assumed to be valid for atomic levels with small
principal sumber m and high probability of
spontaneous radiation decay. In this type of plasma
equilibritn radiation intensity related with the
plasma parameters as:

4 ZAy =AM WNSL f.(v)ov)dv (3)
where N, -electron concentration, Ny-concentration
of atoms (ions), f.{v)-electron velocity distribution
function, ofv)- collisional excitation cross section
of the xenon atoms (ions) by the electrons, and
summation is made over all 7<i,

Our estimate shows that in TAL
discharge and plume plasmas (in the near field at
least) electron-electron collision frequency is high
- enough for the electron thermalization. Due to
inelastic collisions the velocity distribution,
perhaps, may differ from the maxwellian at high
velocities, but the maxwellian distribution may be
used as a “zero level” approach in equation (3). For
~ the maxwellian distribution the plasma parameters

arc related with the measured radiation intensity
through:

3
2
LY 4, = hm,N,Nom(z;’T] x

Ie-%'_o(v)v”du

@

Relation (4) provides the way to determine
any plasma parameter if CR model is applicable
and the atomic (ionic) constants and other plasma
parameters are known from elsewhere. When
possible, the equations are solved together with
charge conservation, epergy/mass balance and
other equations, which may be combined into the
closed system.

TAL experimental data analysis showed
that real TAL plasma spectra can’t be modeled
basing cither CR or CRE model only. Stepwise
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excitation from Xe metastable states can impact the
excited states population in the CR model. From
the other side population of the levels which are
collisionaly coupled with the resonant one and with
those which are in turn coupled with lower levels

TAL discharge and plume radiation
spectra have been measured in the wide
wavelength region 1=2650-11000 A. More than
430 Xel, Xell and Xelll transitions were identified.
Integral radiation power of 0.84 Watts was
measured in the region A=2650-8000 A from D-55
discharge in nominal regime of operation (U=305
V, I=4,45 A). Abowt 70% of this value is visible
radiation. Total plume radiation is more than order
of magnitude less. The plume radiation rapidly
decreases in some centimeters from the thruster
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exit plane. Quick look analysis shows that it is
mostly due to decreasing of the electron
temperature downstream the plume. The
investigation revealed promise in application of the
optical diagnostics to TALs general performance
and life time evaluation. Emissions of erosion
products detected in some dedicated experiments
on D-38 with extended discharge chamber give a
basis for developing of a real time, non-intrusive
erosion diagnostic of various Hall thrusters with
closed electron drift.
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Upper level energy is given in brackets’.

Table 1. Spectrometer characteristics

Type of spectrometer Wavelength Spectral resolution, A | Aperture Scanning step
region, A

Visible acousto-optical -| 4150-8000 2-3 in the blue region | 6 mm diameter, 2048 points per

monochromator followed by 5-7 in the red region 1/30 radian solid | spectrum

photomultiplier angie

UV acousto-optical 2650- 4400 2 at short wavelengths | 6 mm diameter, 2048 points per

monochromator followed by 4-5 at long 1/30 radian solid | spectrum

photomultiplier wavelengths angle

Asymmetrical Fastie grating | 7000-12000 156 FWHM at 03 | F=600 mm 1:8 rel. | continuos

monochromator followed by mm width slits aperture scanning

photomultiplier
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