EXPERIMENTAL STUDIES RELATED TO FIELD EMISSION THRUSTER
OPERATION: EMISSION IMPACT ON SOLAR CELL PERFORMANCES
AND NEUTRALIZATION ELECTRON BACKSTREMING PHENOMENA∗
E. Chesta, D. Nicolini, D. Robertson, G. Saccoccia
European Space Agency
Electric and Advanced Propulsion Section
ESTEC, TOS-MPE, Keplerlaan 1, 2201 AZ Noordwijk, The Netherlands
enrico.chesta@esa.int, david.nicolini@esa.int
IEPC-03-304
Many phenomena related to the long-term operation of FEEP thrusters have not been object of extensive and
detailed analysis yet. Several experimental campaigns have been initiated in the Electric Propulsion
Laboratory of the European Space Agency in order to better understand the technological constraints
imposed by these highly strategic micro-propulsion systems, indispensable to enable next generation of
drag-free and formation flying scientific missions. This paper will present some preliminary results
concerning critical phenomena related to solar array interactions and design issues related to neutralization
process side-effects.

1. Introduction
Field Emission Electric Propulsion, thanks to its well-known characteristics of high specific impulse
and excellent controllability, is one of the baseline solutions for scientific missions requiring fine-pointing
and accurate drag-free operations. This is the case for instance of future European missions as
MICROSCOPE, GOCE, SMART-2, GAIA, LISA and IRSI-DARWIN.
It is very important to study, besides the technological issues related to the internal thruster
mechanisms and processes, also all physical mutual interactions with the surrounding environment that
extended space operations necessary involve.
As regards the effects that FEEP thruster emissions may produce on the hosting spacecraft, a major
concern addresses possible damaging contaminations of the solar arrays. Considering that FEEP propellants
are metals, it is imperative to identify in the early mission definition phase which specific protective
precautions or over-dimensioning actions need to be undertaken.
On the other side, as regards the consequences that external device operations may have on normal
thruster behaviour, a special attention shall be focused on the neutralization process. In this case, in fact, an
optimal thruster design or regulation can be achieved to limit the negative effects of neutralization electron
backstreaming currents, particularly important for electrostatic type thrusters as FEEP.
These two critical aspects have been recently the object of extensive characterization in the European
Space Agency Electric and Advanced Propulsion Laboratory, within the framework of both the microNewton thruster assembly for the GOCE platform pre-qualification activities and the ESA EPL autonomous
research and development program.
In the first part of this paper, the consequences of more than 300 hours of Caesium FEEP emissions on
a standard silicon photovoltaic sample will be presented and discussed.
The second part of this paper will analyse the effects engendered by the electric field of a FEEP
thruster operated at different regimes on the electrons emitted by an external thermionic cathode.
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2. Solar Cell Degradation Test
2.1 Test Description
A silicon solar cell sample (rectangular shape, 3 cm large and 6 cm long) was characterized and
installed in the laboratory vacuum facility dedicated to FEEP performance testing. The uniform light source
necessary to irradiate the cell was provided by a 100 W halogen bulb enclosed in an appositely designed dark
container, applied to a lateral quartz window feed-through on the right side of the vacuum chamber. A lateral
ventilation fan was installed to avoid overheating during extended experimental periods. A similar solar cell
was settled in the light gun container to provide a reliable external reference. The measured characteristics of
both solar cells are reported in Table 1. The cell operating voltage was monitored using a 0.5 Ω resistance
load.
A thruster model FEEP-50 was supplied by Alta S.p.A. (Italy) and positioned in line with the
degradation cell bottom edge (to avoid direct plume impingement), at a distance of 30 cm from the cell itself
and of 90 cm from the bottom multi-faced stainless steel deflecting target. The standard laboratory
equipment used to operate and characterize FEEP thrusters was employed. This included in particular a
Quartz Crystal Microbalance Sycon Instruments STM-100/MF, a movable diagnostic structure for
electrostatic plume analysis and a PC with SCXI port for simultaneous data acquisition. A simplified scheme
of the global set up is shown in Fig.1, together with an external view of the light gun assembly. The data
acquisition system was realized in a LabVIEW environment, while the data post-processing was performed
with Matlab in order to get averaged values for the independent analysed intervals and to remove most of the
unphysical discontinuities.
The overall efficiency of photovoltaic cells is not independent from their surface temperature. Silicon
cells, in particular, are more sensitive to temperature variations than cells made of larger band-gap materials,
like GaAs. The open circuit voltage decrease is expected to be approximately linear with increasing
temperature; thus for silicon cells the power output decreases by 0.4 to 0.5% per °C [1]. For this reason the
temperatures of both reference and degradation cell were measured with thermocouples and monitored
during the whole test campaign together with the output voltages.

Degradation Cell
Reference Cell

Short-circuit Current
Isc1 = 337 mA
Isc2 = 272 mA

Open-circuit Voltage
Voc1 = 578 mV
Voc2 = 483 mV

Maximal Power
Pmax1 = 142.1 mW
Pmax2 = 93.1 mW

Table 1: Solar cells characteristic parameters
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Fig. 1: Vacuum chamber inner and outer experimental set-up.
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2.2 Test Results
Several sequential test campaigns were performed between 16/04/2002 and 25/07/2002, for a
cumulative time of more than 1000 hours. The thruster was operated discontinuously and the chamber was
vented twice in the first phases to allow internal adjustments.
The most interesting data have been collected between 29/06/2002 and 17/07/2002. During this
interval, in fact, the impact of external factors on the solar cell behaviour was minimized (the vacuum level
in the chamber was always in the 10-6 mbar range), the thruster was extensively characterized with a single
intermediate 4-day stand-by period, and both thruster and solar cells operating parameters were
simultaneously and uninterruptedly monitored and recorded.
Nonetheless, the adopted experimental set-up is still far to represent a realistic environmental
simulation for in-space FEEP thruster operations. The volume constraint imposed by the reduced vacuum
facility size has to be considered as the most critical yet unavoidable limiting factor. Additional restraining
elements include the absence of an external neutralizer, the biasing effect of a frontal steel deflecting target,
the unavoidable presence of residual chamber contaminations from previous tests and finally the contingent
necessity to perform sporadic unconventional thruster operations (including extended overheating).
The global plots, showing emitter and accelerator current, internal and external solar cell output
voltage and relative surface temperature, are presented in Fig.2.
The thruster different emission levels have been selected in order to assess its behaviour and response
to various possible working conditions, as a preparation for the qualification test to be executed in the frame
of the GOCE platform development activities. Part of the thrust profile required by the GOCE mission for
drag free control in y and z axis was also simulated. The macroscopic graphical discontinuities observable in
the plot are short characterizations of the thruster at high emission levels that have been alternated to steady
intervals in order to provide major solicitations to the engine. The control was performed in voltage, either
manually or automatically. The accelerator has been regulated at a constant voltage of 4kV, while the emitter
voltage has been adjusted between 0 and 7 kV to produce thrust levels up to 0.65mN (highest limit requested
by the calibration mode). The accelerator current is seen to gradually increase with time, as a consequence of
an isolated growing electrical arcing phenomenon, driving cause of the final lifetime test postponement.
The output voltage of the reference cell is fairly constant throughout the considered interval, with an
average value of 59.5 mV (higher than the corresponding average value of the internal cell because of the
different relative light source exposures) and a low-amplitude noise mainly due to measurement accuracy
limits. Significant variations of luminosity in the halogen source during the test can be therefore excluded.
The output voltage of the exposed (in-vacuum) cell, on the contrary, decreases noticeably. At the
beginning of the test, on 29-6-2002, the average daily output voltage was 30.42 mV; at the end of the
considered interval, on 17-7-2002, the average daily output voltage was 27.97 mV. This corresponds to a
total not negligible relative loss of performance of nearly 8% after 328 hours of discontinuous thruster
operations.
This diminution is not caused by a surface temperature increase. The surface temperature, in the last
plot of Fig.2, appears actually to be quite stable and even slightly abating (except for a few time-localized
variations probably due to thruster heating operations in the case of the in-vacuum cell, and to light-gun
ventilation discontinuities in the case of the open-air cell). Since the solar sample was not subjected to direct
plume impingement, alternate shorting current paths are not likely to have formed across the cell face [3];
sputtering or erosion of the exposed segment interconnections can be excluded for the same reason. The
diminution in output voltage is therefore to be directly related to a decrease in the solar transmissivity of the
photovoltaic cell cover glass.
To investigate the origin of this phenomenon, the data recorded with the QCM sensor have been
analysed. The Quartz Crystal Microbalance was programmed to detect the thickness of Caesium depositions.
It is well known that a QCM uses the resonant frequency of an exposed quartz crystal to sense the mass of
deposited films attached to its surface. The relationship between the thickness of such a film and the
measured frequency of the sensor crystal includes terms relative to the expected deposited material (density
and shear modulus). The experimental plot, presented in Fig.3a, shows the growth of a hypothetical Caesium
film during the experiment, in good agreement with what expected. The quantitative meaning and
implication of these results is however dependent on the initial doubtful assumptions of purity and
homogeneity of the deposited layer.
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Fig.2: Global plots showing thruster and solar cells operative parameters (emitter and accelerator current,
output voltage and surface temperature) between 29/06/2002 and 17/07/2002.
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The detected deposition is probably consequence of a surface condensation rather than a secondary
impact phenomenon. The contamination effects are therefore probably uniform in space, and a deposition
similar to the one present over the cell cover glass is expected to be present also over the whole chamber
internal wall.
Two possibilities have to be considered: either the deposition is directly related to thruster emission, or
it is caused by the presence of a not hermetically sealed Caesium reservoir, source of bulk evaporation. In
this second case the contamination would be rather proportional to the applied heat than to the beam current.
Probably both contributions are present, but it is easy to demonstrate that the first one is predominant.
In fact, if we consider the cumulative emitted Caesium, calculated from the beam current including a
standard 70% mass efficiency contribution (neutrals release), we obtain a plot whose trend closely follows
the previously traced QCM thickness profile (Fig.3b).
The total ejected mass at the end of the considered interval is 1.05g. If we consider that the vacuum
facility internal exposed surface measures approximately 5.5 m2, we ignore the presence of possible outlets
(vacuum pump cryopanels), we suppose a uniform particle diffusion after impact neutralization, and we
consider a pure Caesium density of 1.84×103 kg/m3, we should finally expect a uniform thickness layer of
about 0.1 µm. This result is in excellent agreement with the QCM final data (0.115 µm), the difference being
possibly related to the presence of the aforementioned background evaporation or other outgassed or
backsputtered material.
The microscopic aspect of the deposition has been directly observed immediately after venting the
chamber on 22/11/2002, when the solar cell sample was removed and analysed with a Scanning Electron
Microscope Cambridge S360 equipped with an EDX detector. Fig.4a shows two backscattered scanning
electrons images with different resolutions; the contrast is due to material density at the surface (the lighter
the denser). Many white particles containing a high amount of Caesium are easily identifiable. Fig. 4b shows
detailed secondary electron images where contrast is due to surface topography. The deposit is uneven, with
crossing porosity and bubble like parts. Fig. 4c shows the results of energy dispersive X-ray analysis in the
locations (a) and (b) highlighted in the second image. The spectra confirm the important presence of
Caesium (probably highly but not entirely oxidized, as a consequence of the prolonged exposure to ambient
pressure during settling operations on the SEM sample holder). No traces of carbon have been detected, thus
reducing the possibility of previous chamber contamination effects. No backsputtered aluminium from the
target or other parts of the chamber is present. Unexpected fluorine traces have been detected instead,
probable consequence of chemical reactions between the emitted Caesium and the connection Teflon wires
(to be avoided in the future).

Fig.3a-3b: Quartz Crystal Microbalance thickness measurements and calculated cumulative emitted Caesium
mass between 29/06/2002 and 17/07/2002.
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Fig.4a: Degradation cell backscattered scanning electrons images.

Fig. 4b: Detailed secondary electron images of location (a).

Fig. 4c: X-ray spectra of locations (a) and (b).
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Obviously the degradation rate of the solar cell is not constant. During the interval under analysis, the
output voltages show two clearly defined downward steps, on 30-6-2002 and on 11-7-2002. Both steps
correspond to higher emission level characterizations of the thruster.
An enlargement of the output voltage profile for the degradation cell around the second of these dates
is presented in Fig.5, together with the corresponding thruster parameters (emitter and accelerator current,
emitter temperature and ejected mass). In less than 10 hours the solar cell voltage decreases of about 1.4%.
Some 80 mg of Caesium are emitted during this interval. It is interesting to notice that the emitter heater is
automatically activated several times in order to adjust the liquid Caesium temperature; all imposed
variations are anyway constrained both in duration and amplitude, and the average temperature remains
about 55°C. These temperature variations are unlikely to affect significantly the overall Caesium evaporation
rate.
For comparison, the parameters of both solar cell sample and thruster during an interval of steady lowthrust operation are presented in Fig.6. In this case no degradation is detectable.

Fig.5: Solar cell output voltage, thruster currents, emitter temperature and ejected mass on 11/07/2002.

Fig.6: Solar cell output voltage and thruster currents on 12/07/2002.
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3. Neutralization Electron Backstreaming Test
3.1 Test Description
In all electric propulsion devices, the electrons produced by external cathodes to neutralize the emitted
ion beam are strongly affected by the electric field distribution imposed by the selected thruster
configuration. A non-negligible percentage of the produced charges are directly attracted by the exposed
electrodes (like the emitter for FEEPs), and thus generate a backflow current. These electrons are highly
energetic and their impact can cause sharp rises in the temperature of the affected surfaces [4]. This
unwanted phenomenon has negative consequences on overall thruster performances and, if uncontrolled,
risks to considerably reduce the global system lifetime. The main purpose of this test was to understand if a
strong negative polarization of the accelerating plate could contribute to limit the current backstreaming on
the emitter tip.
A thermionic source based on an yttrium oxide coated iridium filament was designed and
manufactured for this test. During the preliminary characterization it proved capable to deliver an electron
current up to 2 mA.
During thruster operation, the electron contribution to the total current is difficult to isolate; for this
reason, the plume voltage has been simulated with an appropriately biased target positioned at 7cm from the
thruster exit plane. The neutralizer grid was at the same distance from the target, and its axis was at 5 cm
from the thruster axis. A picture representing the global set-up is presented in Fig. 7, together with a
simplified graphical representation of the electric potential distribution around the different electrodes during
nominal working conditions. The electric field generated by the thruster is clearly predominant.
Twelve different parameters, listed in Table 2, were simultaneously monitored during the experiment.
The main control parameters were the target voltage, the neutralizer grid voltage, the emitter voltage
and the accelerator voltage, while the neutralizer heater was fixed (Vn=7 V and In=3.3 A).
The electron backstreaming current variations were measured with a high precision floating
multimeter, while the total current emitted by the cathode was indirectly calculated as Ic = If - Ig.
Parameter
Emitter Voltage
Accelerator Voltage
Neutralizer Grid Voltage
Target Voltage
Neutralizer Heating Voltage
Chamber Pressure

Symbol
Ve
Va
Vg
Vt
Vn
p

Unit
kV
kV
V
V
V
mbar

Parameter
Electron Backstreaming Current
Accelerator Current
Neutralizer Grid Current
Target Current
Neutralizer Heating Current
Filament Emitted Current

Symbol
Ie
Ia
Ig
It
In
If

Table 2: Electron backstreaming test main parameters

Fig.7: Experimental set-up and simplified electric potential distribution.
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3.2 Test Results
The electron backstreaming current is extremely sensitive to any variations of the control parameters.
Fig.8 shows how an increase of the target voltage from 10V to 50V, when Ve=8kV, Vg=100V and no
power is supplied to the accelerator, induces a small increase in Ie. The reason is that more electrons are
extracted from the neutralizer but not all of them reach the biased target.
Fig.9 shows that an analogous effect can be produced by an increase of Vg from 0 to 300V. This effect
is not very strong because If saturates when Vg reaches about 130V.
Fig.10 shows the consequences of emitter and accelerator voltages adjustments when Vg=130V and
Vt=50V. In this case the effects are more important: Ie reaches up to 0.3 mA (the quasi-totality of the emitted
current) when Ve is maximal and the accelerator grounded. As expected, when a strong negative voltage is
supplied to the accelerator (up to 6 kV in absolute value), its shielding effect greatly reduces and almost nulls
the electron backstreaming current Ie.
The advantageous effects of this negative polarization are evident in the plot of Fig.11.
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Fig.8: Electron backstreaming test 1. Ve=8kV, Va=0kV, Vg=100V, Vt from 0 to 50V.
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Fig.11: Effects of accelerator negative polarization on the electron backstreaming current.

4. Conclusions
A test to study the degradation of a standard silicon photovoltaic cell during extended Caesium FEEP
thruster operation in closed laboratory environment and a test to study neutralization electron backstreaming
on FEEP thruster exposed electrodes have been successfully achieved in the ESA Electric and Advanced
Propulsion Laboratory.
The results of the first test show that the solar cell suffers a relevant performance decrease due to
reduced light transmission through its cover glass. An average degradation of up to 8% per gram of
propellant can be extrapolated from the data recorded during the test. This rate is however strongly
dependant on testing conditions and instantaneous emission levels. It is important to underline once again
that the implemented test conditions don’t corresponded to flight conditions, being open space operations
much more friendly for the solar arrays. The cover glass contamination consists in a layer of highly pure
Caesium diffused in the whole chamber after impact with the target, and in a fluorine deposit originated from
the cables. A careful choice of flight connections and the presence of an external neutralizer should
considerably lower the negative consequences of Caesium emissions on solar panels. The development of
enhanced dedicated modelling tools and the performance of longer tests in larger facilities is planned for the
future. Follow up tests will include heating the contaminated solar cell as if sun exposed to quantify the
Cesium evaporation rate and verify if a possible self-cleaning process takes place.
The results of the second test show the importance of electron backstreaming phenomena for FEEP
thrusters and the advantages offered by a negatively polarized accelerating plate to protect the emitter from
high-energy electrons coming from the external neutralizer or from the space plasma, especially when flying
in low earth orbit or in presence of a plasma source on board.
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