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Pulsed plasma thrusters are electric space propulsion devices which create a highly transient
plasma bulk in a short-time arc discharge that is expelled to create thrust. The transitional character
and the dependency on the discharge properties are yet to be elucidated. In this study, optical
emission spectroscopy and Mach-Zehnder interferometry are applied to investigate the plasma
properties in variation of time, space, and discharge energy. Electron temperature, electron density,
and Knudsen numbers are derived for the plasma bulk and discussed. Temperatures were found to
be in the order of 1.7 to 3.1eV, whereas electron densities showed maximum values of more than
10" cm—3. Both values showed strong dependency on the discharge voltage and were typically
higher closer to the electrodes. Capacitance and time showed less influence. Knudsen numbers
were derived to be in the order of 1073—1072, thus, indicating a continuum flow behavior in the
main plasma bulk. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4794198]

I. INTRODUCTION

Today’s rapid growth in number of satellites, scientific
probes, and other in-space applications yields the demand for
reliable and versatile space propulsion systems. Recent years
have seen an increasing number of satellites equipped with
electric propulsion instead of the well-established chemical
propulsion due to their significant advantage with regard to
propellant consumption, and the related savings of wet sys-
tem mass." Among electric propulsion systems, the pulsed
plasma thruster (PPT) can offer a wide range of performance
depending on design and energy input, and therefore, might
be suited for various applications, especially with regard to
small satellites down to cubesats.” Several PPT were applied
in the past to serve, e.g., as attitude control system or for
North-South station keeping on a fair number of satellites.**

In solid-ablative PPT (SPPT), the energy stored in a
capacitance is discharged across the surface of the solid
propellant (most often PTFE) in order to disaggregate it into
a plasma and accelerate the charged particles by the self-
induced magnetic field.>> For initiation of the discharge, an
igniter is used to shortcut the open oscillation circuit. A sche-
matic image of the thruster is shown in Figure 1.

The impulse created during the short-time discharge is
in the order of a few 10 uNs for microPPT up to 1 Ns for
high-energy devices. The energy and especially the combina-
tion of capacitance and discharge voltage have significant
effect on the discharge behavior,6 the plasma accelelration,7
and the efficiency of the thruster alike.®? Tt is, therefore, to
be expected that the properties of the plasma in terms of
temperature and density will show a strong dependence on
these parameters as well.

Previous research assumed that the ablated and ionized
mass will be accumulated in a so-called current sheet that is
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accelerated down the channel formed by the electrodes.
However, this phenomenon was only observed for gas-fed
PPT,'” but similar high-speed camera measurements in
solid-ablative PPT showed no distinct current sheet but
rather a diffuse plasma bulk.”''"'* Further, measurements of
the current density in the discharge space showed that the
discharge current, and its induced magnetic field, was con-
centrated close to the propellant surface area during the
entire discharge time, and was not or only slightly moving
through the channel in contrast to what was previously
assumed.'>'*"'® Due to recent capabilities in simulating the
ablation process, it was also shown that the ablation rate, and
hence, ionization rate of the used PTFE strongly depends on
the discharge current and is therefore a strong function of
time.'”° This would again favor the idea of a distributed
plasma bulk rather than a distinct concentrated sheet.

In order to evaluate how the plasma properties, i.e., elec-
tron temperature and electron density, are distributed in the
discharge channel, two optical methods were applied in this
study. First, optical emission spectroscopy was used to
derive the values as a function of time, space, discharge volt-
age, and main capacitance. Previous experiments showed
that the method is suitable to be applied to PPT.*'*** Second,
Mach-Zehnder interferometry (MZI) was used to derive the
values for comparison and increase in reliability. Although
MZI is a well-established method for highly transient plasma
phenomena, > due to the expected low electron quantity
of O(10'*cm~2) in the optical path of the light source, it was
hardly applied to PPT before.?® This present work shows the
evaluation of the experimental data and their limitations.

The plasma properties are of further interest for the
numerical simulation of the plasma phenomena in order to
verify their results for, e.g., the coding efforts in Germany>' >’
as well as for additional refinements of the established
slug performance model.” With the values of temperature and
density, further plasma characteristics like Debye length and

© 2013 American Institute of Physics

Downloaded 13 Mar 2013 to 157.82.247.64. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.4794198
http://dx.doi.org/10.1063/1.4794198
mailto:schoenherr@al.t.u-tokyo.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4794198&domain=pdf&date_stamp=2013-03-12

033503-2 Schonherr et al.

FIG. 1. Operation schematic of a pulsed plasma thruster.

Knudsen number are derived. These can help to understand
better the nature of the plasma during the discharge of
the PPT.

Il. EXPERIMENTAL SETUP
A. Thruster and vacuum environment

For the experiments in this study, an engineering model
of the ablative pulsed plasma thruster ADD SIMP-LEX is
used which has been explained in detail elsewhere.® The
thruster consists of a pair of copper electrodes connected to
up to four capacitors with each 20 uF. A semiconductor
spark plug is used as igniter, and PTFE as propellant in a
side-fed configuration. The capacitors are rated to 1300V
which yields a maximum discharge energy of 681J. At this
energy level, the thruster produces an impulse in the order of
1 mNs per pulse.

The vacuum facility used for the study comprises a
grounded vacuum chamber of 500 mm in diameter as well as
a rotary vane pump and a turbo molecular pump providing a
throughput of 2.2 x 1073 Pa m*/s at 0.01 Pa. The background
pressure during the experiments was typically below
5% 1077 Pa.

B. Emission spectroscopy

The spectrometer used for measurement of the plasma
emission is a LTB Echelle spectrometer type Aryelle 200

, Exit

Vacuum chamber

Focal pointIL

| plane |

lO‘mm 40‘mm 70 mm

\%;J .
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together with an Andor Technology iStar CCD camera. The
spectrometer has a wavelength range of 232-828 nm, and a
resolving power of around 9000. A traversable lens system is
used to alter the focal point as is shown in the schematic
Fig. 2. Calibration of wavelength was done using a mercury
lamp, intensity standardization by means of a 45 W quartz-
halogen tungsten coiled filament lamp. Nine measurement
points were considered to evaluate the spatial distribution of
the plasma. These points are shown in the inset in Fig. 2.
The shutter of the spectrometer was kept opened throughout
the experiments, whereas the signal amplification in the
CCD camera was controlled directly by a pulse generator.
This enabled virtual exposure times of 500 ns resulting from
a compromise between temporal resolution and sufficient
signal-to-noise ratio. Due to the transient character of the
discharge, several spectra were recorded at each point to
cover the entire discharge time of ~12 us. Due to internal
hardware delays of spectrometer and photo detector, the min-
imum delay of the measurement is 1 us.

C. Mach-Zehnder interferometry

Two-wavelength MZI was carried out by using a 12 mW
He-Ne laser (633 nm) and an 8 mW YAG laser (532nm) as
probe lights. The probe light is split before the vacuum cham-
ber allowing for one beam to pass through the plasma,
whereas the other beam stays uninfluenced. An interference
pattern is created by inflicting an optical retardation at recom-
bination of the beams. The pattern is then recorded with a
DRS Hadland Ltd. Ultra-8 high-speed framing camera at typ-
ical exposure times of 250 ns by a 520 x 520 pixel image. In
order to increase the sensitivity of the system, the real beam
diameter was kept smaller than the plasma bulk, requiring a
total of four images to cover the complete plasma. In order to
avoid perturbations of the image due to the emission from the
plasma, band-pass filters were used before the camera entry.
The entire setup is shown in Fig. 3.

lll. EXPERIMENTAL RESULTS
A. Emission spectroscopy

Emission spectroscopy was conducted at the 9 measure-
ment points as shown in Fig. 2 for 5 discharge voltages
between 500 and 1300 V and for the highest voltage also for
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a reduced capacitance of 20 uF. The recordings were deliber-
ately delayed to analyze the plasma through the entire dis-
charge time. Comparison with the discharge voltage signal
was used to confirm the timing of the spectrum, and the time
stamps stated hereafter refer to the time after discharge
ignition. For the complete discharge plasma, i.e., from O to
12 us, a typical recorded spectrum is shown in Fig. 4. The
spectral lines of carbon and fluorine lines were easily identi-
fied, and compare well with the composition found for other
PPT.12:21.30

Figure 5 shows the spectra for a position 10 mm down-
stream of the propellant for the 3 measurement points in the
cross section. Besides the difference in spectral intensity that
was indicated already by high-speed camera measurements,
it is further obvious that the composition of the plasma in the
cross section is not uniform and not symmetric. Especially,
one can see that the most intense lines at the points close to
the electrodes belong to C II, whereas strong emission from
C IIT is seen on the center line. This indicates an energy
distribution that is non-uniform across the ablation surface
which should also be represented by the electron temperature
and electron density, respectively.

Regarding the energy level, 3 representative spectra are
shown in Fig. 6. Decrease of discharge energy by either a
decrease in bank capacitance or discharge voltage leads to a
decrease of intensity as expected, but again shows differen-
ces in the composition of the plasma emission. A lower
capacitance of 20 uF (Fig. 6(a)) yields a significantly reduced
emission from C III, indicating that the multiply-ionized spe-
cies are not as likely to be created as at the condition of
higher capacitance of 80 uF (Fig. 6(b)). A reduction of the
discharge voltage, however, more strongly decreases the

overall emission intensity, but shows similar composition of
the plasma (Fig. 6(c)). It is, therefore, valid to assume that
the ablation and ionization processes are influenced by these
parameters differently, and that this should again be reflected
by the electron temperature and electron density.

To derive the excitation temperature of the individual
species, the appropriate spectral emission lines were fitted by
a Voigt function, and the integrated results arranged in a
Boltzmann plot. An exemplary fitting is shown in Fig. 7(a)
and an exemplary Boltzmann plot is shown in Fig. 7(b) for
the fitted values of C II. Similar to previous research,?! it
cannot be concluded unambiguously whether or not LTE
is present. As similar tendencies with occasionally fewer
reliable spectral emission lines to use were derived for other
time stamps, other measurement points, and other discharge
voltages, as well as for F II, the indications are nevertheless
significantly high that LTE can be assumed.

From the slope of the Boltzmann plot, an excitation tem-
perature can be derived, that is equal to the electron tempera-
ture under the above-made assumption of LTE. For the nine
measurement points and as a function of the elapsed time
after ignition, the excitation temperature was derived for the
highest energy configuration of the thruster, and is plotted in
Fig. 8. Note that the peak in discharge current is around
t=2.5-3.0 us, and that the plasma moves at a velocity of
about 40 mm/us. The results indicate that the temperature is
higher closer to the electrodes which would confirm the
observations of a higher emission intensity in Fig. 5. As the
plasma moves downstream, the temperature changes only
slightly, therefore, indicating that not much energy is lost
during the acceleration process. As the current density is
relatively small in this part of the plasma,'® it is expected
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z
z _ FIG. 4. Long-exposure emission spec-
£ = 3 S o= - E =M B :_ trum of PTFE plasma.
= e S Oy |~
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that radiation losses as well as Ohmic heating are negligibly
3.5 l ; small, which would support the fact of a hardly changing
z 3k temperature. Temperature close to the cathode decreases,
& 25 | whereas the temperature on the centerline increases.
— 9 L Essentially, at x =70 mm, the plasma has an almost uniform
ey temperature of about 2.25eV across the cross section. This
w 1o F o
g 1L fast temperature exchange process would indicate that the
g ion density is significantly high enough. The derived values
= 8 I E i of excitation temperature agree quite well with findings of
0 other research groups having found a temperature of 1.4eV
410.85 410.9 410.95 21 .
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(a)Exemplary Voigt fitting The electron density is derived by using the FWHM of
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A . .
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FIG. 7. Exemplary analysis results of the experimental spectral data.

The parameters W and A are taken from literature® and
interpolated for the given temperature. In the calculation pro-
cess, the assumption was used that the electron temperature
equals the excitation temperature. The results are plotted
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FIG. 8. Derived excitation temperature as a function of position and time for
C=80puFand U=1300V.

in Fig. 9. Electron densities are in the order of 10'” cm~3

which is high compared to other electric propulsion systems,
e.g., steady-state magnetoplasmadynamic (MPD) thruster
(10" cm™3), Hall thruster (10"?cm™3), or ion thruster
(5 x 10"'em™3). Nevertheless, the values agree well with
other researchers as well as with the previously shown find-
ings although being slightly higher in average as shown in
Table 1.

As the plasma moves downstream, the values of electron
density decrease, most likely due to the expansion of the
plasma plume in combination with the time-dependent
ionization-recombination processes. This effect can be seen
at all positions of the cross section. The density is, in general,
higher closer to the electrodes again favoring the conclusion
of a higher energy density. However, the distribution stays
constant for the entire acceleration channel as opposed to

Phys. Plasmas 20, 033503 (2013)
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FIG. 9. Derived electron density as a function of position and time for
C=80puFand U=1300V.

the homogeneous excitation temperature. Hence, the diffu-
sion process in the cross section of the plasma bulk is most
likely slower than the time of plasma motion. However, the
significant uncertainty of the results defies more precise
conclusions.

The influence of voltage and capacitance on the peak
plasma parameters was investigated as well, and the results
of peak temperature and electron density for the variation in
voltage are plotted in Fig. 10. It is obvious that the decrease

TABLE I. Comparison of electron density.

Research Eo (J) n, range (10" em™)
This work 68 2.7-37.3

Liu er al.?? 5 2.534

Kazeev et al>* 100 0.4-1.3
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in energy by the lower discharge voltage yields a plasma
with lower temperature and density, respectively. For a
reduction in capacitance, a peak excitation temperature at
1300V on the centerline was found to be around 2.24 eV
comparable to the values of high capacitance. The electron
density, however, decreased from about 1.8 x 10" cm 3 to
about 9 x 10'® cm™3 on the centerline.

B. Mach-Zehnder interferometry

Measurements by means of Mach-Zehnder interferome-
try were conducted for a variation in time, discharge voltage,
and capacitance. Four images were recorded for each permu-
tation to cover the entire plasma area, and images for both
wavelengths of the probe light taken. However, a first analy-
sis showed that a fringe shift with reliable accuracy could
only be detected in the area close to the propellant exit plane.
Further, discharge voltages below 700V for 80 uF-case and
below 1100V for 20 uF-case, respectively, yielded no varia-
tion in the fringe pattern. Figure 11 shows an example of the
recorded interference pattern for a case without plasma
(Fig. 11(a)) as well as with plasma (Fig. 11(b)).

In order to derive plasma properties from the images,
the fringe shift number f (the ratio between interference
fringe shift and fringe width) was derived from the images
for 2 distinct lines of evaluation. The first line (line #1) was
set parallel and close to the cathode, and the other line

10 mm

e

10 mm |

(a)Without plasma (b)With plasma

FIG. 11. Exemplary interference patterns recorded at C=80uF and
U=1300V.

Phys. Plasmas 20, 033503 (2013)

(line #2) was set parallel to the flow in the center of the
plasma section shown in Fig. 11 which is about 7.5 mm from
the centerline of the thruster. By using the fringe shift num-
bers derived from both probe light wavelengths, the electron
density is derived by

_ 81 megy fiin — frla

e .
e dy(2 —13)

3)

The thickness of the plasma bulk d, was derived to be
34.5mm from photographic measurements. That is, only
average values along the optical path can be obtained from
Eq. (3). With the given resolution of the camera image and
the signal-to-noise ratio, a minimum detectable electron den-
sity of 10'® cm~> was derived for the setup. The dependency
of the electron density on time and space is shown in Fig. 12.
As the plasma moves further downstream, the density
decreases rapidly, which confirms the tendency observed in
the measurements by emission spectroscopy. Although the
expected reliability of the values is higher for MZI than for
emission spectroscopy, the detectable threshold defies the
comparison of the values for positions further downstream.
For x=10mm, the tendency on line #1 (Fig. 12(a)) agrees
well with the values found at the measurement point close to
the cathode (Fig. 9(a)). Therefore, one can assume that the
order of magnitude and the general dependencies related to

7 15 10 mm ¢ -E‘- =]
E | 16 mm +e— i
2 F 21 mm £
=) L

=10 | 26 mm HEH |
£ t 31 mm ¥

£ [ 36 mm -4~

-
e~ 5+ =
= L 4
g | 4
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& L ]
- 0 I 1 I I |

2 3 4
Discharge time t, ps
(a)Line #1

Electron density n., 10'® em 2

0 1 1 1
1 2 3 4
Discharge time t, ps
(b)Line #2

FIG. 12. Derived electron density by MZI for the 2 lines investigated as a
function of time and space (x-direction). Results shown are for C =80 uF
and U= 1300 V.

Downloaded 13 Mar 2013 to 157.82.247.64. Redistribution subject to AIP license or copyright; see http://pop.aip.org/about/rights_and_permissions



033503-7 Schonherr et al.

the electron density are verified by the MZI measurements. It
is further obvious that the electron density decreases towards
the centerline, as can be concluded by comparing the values
of Figs. 12(a) and 12(b). However, the values for line #2 are
smaller than the ones derived for the centerline (Fig. 9(b))
which might be a result of the different lines of sight for the
two optical methods.

To determine the dependency on the discharge voltage,
the peak electron density was determined over time for each
energy setting. The resulting peak electron densities are plot-
ted in Fig. 13 for the case of high capacitance. For a change
between 700 up to 1100V, the peak electron density
increases accordingly, however, for the final voltage step up
to 1300V, only a small increase of only 10% in average is
recognized. Reduction of the capacitance leads to a signifi-
cant decrease in electron density similar to the results by
emission spectroscopy. For the highest voltage, a peak elec-
tron density of about 3 x 1071 ¢m™3 was determined, thus,
a reduction of almost 80%.

One advantage of two-wavelength Mach-Zehnder inter-
ferometry is the further possibility to derive the neutral parti-
cle density under the assumption of single-ionized plasma by
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However, the effect caused by the presence of neutral par-
ticles was too small to be detectable, but an upper limit for
the density can be derived from the threshold sensitivity of
this method. With a fringe shift number of f=0.1, the maxi-
mum neutral number density would be 10" cm=>. As the
thruster accelerates the plasma by a magnetic field, one can-
not assume the presence of neutral particles at all, but the
results favor neither case. Spectral emission from neutral
particles in Fig. 4 was in the same order as the noise.

In order to derive a minimum electron temperature, it is
necessary to assume these neutral particles, LTE, and single-
ionized plasma, so that the Eggert-Saha equation can be
used by

. . 3/2
mine _ 2Z; (27”’292'”"') . (5)

Ny Z,

Peak electron den. n. ;, 10'% em—2

1 1.5 2 25 3 35 4 45 b5
Discharge time t, ps

FIG. 13. Peak electron density as a function of time and discharge voltage
for C =80 uF.
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The values estimated by this equation with the upper limit of
neutral density are about 2.1 eV for the peak electron density
of 1.48 x 10" cm~ and 1.5eV for the threshold electron
density of 10'® cm™>. These values are slightly lower than
the ones derived by emission spectroscopy, but show the
same order.

IV. DISCUSSION

With help of the experimentally measured plasma prop-
erties, it is possible to further classify the plasma. Using the
electron temperature derived from emission spectroscopy to-
gether with the electron density measured by interferometry,
the Debye length can be determined to be between 20 and
70nm as a function of time and measurement position. With
a characteristic length of 20mm (initial distance between
electrodes), the deviation of neutrality is less than O(10~°),
and the plasma is therefore quasi neutral during the main
acceleration phase. Further, the plasma can be considered
ideal as the product %”ng/% is generally larger than 10.
Landau lengths range between 0.5 and 1nm. To determine
the Knudsen number, Herdrich® showed that the mean free
path can be calculated by
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For the experimentally measured values within the plasma of
ADD SIMP-LEX, the total mean free path lies between 50
and 200 um. Hence, the Knudsen number is in the order of
0.001 to 0.01. These numbers indicate that the plasma might
rather behave like a continuum flow than a particle flow. This
conclusion is further supported by regarding the pressure in
the plasma bulk. As the plasma is ideal, the ideal gas equation
can validly be applied, leading to a pressure of about 0.3 atm.
This value does not take into account the magnetic pressure
that reaches a peak value of 4 atm with magnetic flux den-
sities locally as strong as 1 T.'® These high pressures would
also favor a consideration of the PPT plasma as a continuum.

V. CONCLUSIONS

By means of emission spectroscopy and Mach-Zehnder
interferometry, the plasma composition, the electron density,
and electron temperature in the discharge plasma of a pulsed
plasma thruster were determined as a function of measure-
ment position, timing during the discharge, discharge volt-
age, as well as used capacitance. Values for the electron
density lie in the order of 10'7 cm™> determined by Stark
broadening from the spectral emission lines, and between
10'® and 10" cm 3 determined from the interference fringes.
In general, a good agreement between the two methods is
found especially with regard to the inhomogeneous distribu-
tion in the cross section. The higher density as well as elec-
tron temperature closer to the electrodes suggests that the
discharge arc causes a transition from the solid to plasma
state with a slightly different energy density in the electrode-
near regions. This was further supported by looking at the
plasma composition, showing higher energetic species on the
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center axis. Naturally, more energy is used in ionization
(higher excitation/ionization state) rather than ablation
(higher number density).

The values of electron density and electron temperature
were further used to determine the Knudsen numbers in the
flow field for the main plasma bulk indicating a continuum
flow. Therefore, in order to model the behavior of the PPT
discharge, the discrepancy between continuum models and
particle models might be considerably small. This would
confirm the past success of the slug model® to predict experi-
mental values as it assumes the plasma to be accumulated in
a single slug-like bulk. However, comparison with a particle
code might still be required to verify this conclusion.
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