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Experimental data collected over the last decade show that the start-up is the most critical phase in FEEP thruster
operation. The first wetting of the emitter slit surfaces by the liquid csium is of paramount importance in order to obtain
a high-quality emission, i.e. a homogeneous distribution of emission sites along the slit length. Start-up behaviour may be
affected by residual atmosphere pressure and composition and by cleaning, storage and baking procedures. Test activities
at CENTROSPAZIO have been thus oriented towards the investigation of the starting characteristics of FEEP emitters as
a function of the background pressure, the emitter baking procedure and the emitter slit height, with the main objective of
obtaining a better insight to those aspects of thruster operation related to pre-flight preparation. Several combinations of
the above parameters were selected to test the emitter behaviour in both continuous and pulsed mode. A large number of
current/ voltage curves were recorded in both modes, showing that the pulsed mode characteristic curves, recorded at 1 Hz
with 50% duty cycle, quite closely follow the corresponding ones in continuous mode; moreover, it was shown possible to
switch over from continuous to pulsed operation mode, at any time, without any significant deterioration in performance

or loss of reproducibility of the characteristics.

Introduction

HE use of Field Emission Electric Propulsion (FEEP)'?as

opposed to traditional systems (chemical or cold gas) may
result in considerable mass savings where low (= 1 mN) or
very low (= 1 uN) thrust is required, and when thrust resolu-
tion, accuracy and controllability are at a premium. Along
with well-exploited applications, like attitude control and fine
pointing of small satellites, FEEP technology is suited to
missions such as disturbance compensation for drag-free
spacecraft’. In the framework of the FEEP system development
activity pursued by ESA**4, an experimental parametric in-
vestigation of emitter performance has been carried out at
CENTROSPAZIO. The aim of these tests was to analyze the
emitter behaviour under various operational conditions, and to
study the influence of the baking temperature on the emission
start-up.

Experimental Setup

The experimental activity was carried out in
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* Project Manager.

A Research Engineer.

CENTROSPAZIO's IV1 vacuum plant. The main chamber of
the facility consists of a cylindrical stainless steel vessel,
approximately 1 m long and 0.6 m in diameter, with a volume
0f 0.3 m?, The test chamber, with an inner diameter of 340 mm
and a length of 380 mm, is situated on the front end of the main
chamber and hosts the thruster experimental assembly. The
chamber is equipped with a turbomolecular pump and a
cryopump (Leybold RPK 900); the ultimate pressure is in the
range of 10°+10¢ mbar.

The propellant feeding system consists of a glass syphon
containing a sealed ampoule filled with 2.5 g of cesium. The
seal of the ampoule is broken by a small magnetic gun and
liquid czzsium is forced into the terminal capillary part of the
syphon by means of a slight overpressure of Ar, thus causing
casium dropletsto fall intoa funnel connected with the emitter
reservoir. During the filling procedure, the temperature of the
feeding system is kept above the melting point of czsium
(28.5°C)™2.

A dedicated Experimental Emitter Pulse Unit (EEPU) was
provided by ESTEC to perform the pulsed tests. The EEPU,
based on a switching d.c.-d.c. converter, was used to generate
the pulsed high voltage for the accelerator. The frequency and
duty cycle of the rectangular high voltage pulses were regu-
lated with the control signal generated by a standard function
generator (HP8116A). The high voltage signals wererecorded
with a digitizing oscilloscope (HP 54501A). The electrical
arrangement of the pulsed tests is shown in fig. 1.



IEPC-93-155 1402

E.E.P.U. FUG HCN 14-12500
"O = C -1.0 kV =
i SN -
Q O — O ov
B8V
50 O
M sy 3.5 B

[
e |

PS SMé020

Ise/Function
Generator
HP 8116A

Emitter

LGy~ .
O

Accelerator M

FUG HCN 700-20000

Fig. 1 - Pulsed Test Circuital Arrangement

The tests were carried outon two new Inconel emitters 5 cm
in length and with slit heights of 1.8 um and 1.2 um, provided
by ESTEC; the emitter halves were already assembled, and
needed no preliminary preparation. ‘

The test procedure comprises four phases:

* the initial phase includes all preliminary activities necessary
for the preparation of the system, i.e. emitter and accelerator
integration on the experimental flange, electrical connections,
isolation tests on high voltage lines, outgassing of the chamber
walls, etc.;

* upon reaching the desired chamber pressure the emitter
bakeout phase begins. The outgassing procedure is accom-
plished by heating the emitter with a tungsten filament; the
emitter potential is raised to about +400 V, causing the
electrons from the filament to bombard the emitter surfaces.
The bakeout is necessary to degas the water vapour adsorbed
by the inner surfaces of the slit, thus preventing the formation
of CsOH crystals;

* at the end of the bakeout, the emitter is ready for the
propellant filling phase. Once the emitter inner reservoir has
been filled, the emitter is maintained at about 35 °C for several
hours, to allow the propellant to wet the emitter inner surfaces
and reach the tip of the blades;

+ the fourth phase consists of setting the accelerator voltage at
Va=-5kV tocreate a potential barrier for shielding the emitter
from secondary electron bombardment, and applying a posi-
tive voltage to the emitter until the onset of regular emission.

During emission, the following quantities were recorded
continuously :

- emission current, /, (truncation error: 0.1mA);

- accelerator current, /, (truncation error: 1pA);

- vacuum chamber pressure, P,,, measured by an ionization
gauge;

- emitter temperature, T,, measured by a copper-constantan
thermocouple.

The following analytical formulz were used to calculate
thrust (7), power efficiency (1) and specific impulse (/,,)%:

TV, M ;
Tol b £ w1670 I, IV,
=
n =V Vele
‘I¢+Vala

where Tis measuredin N, /,,ins, /,and/,in A, V, and V,
inV.

No thrust correction factor was used account for the ion
beam divergence; computed thrust may differ from actual
thrust by about 5%°.

Experimental Results

The experimental data relative to the 1.8 um emitter were
presented ina previous work'°. In the following, data collected
with the 1.2 um emitter are summarized and a comparative
analysis of the two sets of data is presented.

Afteracritical review of the procedure adopted in previous
tests, a preliminary aging test was introduced. The aging test,
carried out on the new emitter, is aimed at simulating the
preliminary qualification firing which an emitter will undergo
before its operational life. The new emitter is first baked, thus
inducing thermal stresses, then fired through the whole
scheduled procedure; in this way, all of the subsequent tests
will be conducted under the same initial conditions.

After the aging test, three other tests were performed at
different bakeout temperatures. A complete report will be
given for test No. 1 only; an overall comparison of the other
tests and of the pulsed tests will be presented.

For each subset of parameters, the tests consist of the
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recording of the electrical characteristic of the emitter (emis-
sion current vs. applied voltage) and of short endurance tests,
which will be referred to as "one hour tests". The choice of the
tests to perform for each subset of paramelters, and the choice
of the electrode voltages, was made on a case by case basis,
according to the experimental performance of the thruster in
the preceding tests, and with the aim of testing the emitter
behaviour over a broad range of operating conditions.

Testn. 1

Tab. 1 shows the time schedule of test No. 1, performed at
a bakeout temperature of 7}, = 450 °C, which is the highest
of the three temperatures to be investigated.

30* November

1) One hour test AV =10.5kVP, = 1.010® mbar
2) Characteristic P, =1.010® mbar
1" December

3)One hourtest AV =10.5kVP,,=1.010® mbar
4) Characteristic P, =1.010* mbar
5)One hourtest AV=10kV P, =5.010% mbar
6) Characteristic P.=5.010"° mbar
2" December

7)One hourtest AV=10kV P,,=5.010® mbar
8) Characteristic P, =5.010" mbar
9) Characteristic P_,=5.010% mbar
10) Characteristic P, =1.010" mbar

Table 1 - Time schedule of test No. 1

First ignition transient

The first attempt at ignition, at an emitter temperature T, =
31 °C, was not successful, even at the emitter voltage V,=9.0
kV (i.e. AV = 14 kV). The temperature was then increased to
35 °C to decrease the csium viscosity, thus easing the slit
wetting. At the emitter voltage V,=8.5kV, emission suddenly
started with high emitter and accelerator currents.
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Figure 2 - Emission current versus time

One hour tests

The first one hour test was run immediately after the first
ignition of the emitter, at a total voltage of AV = 10.5kV. The
second one hour test was carried out at the same total voltage
asthe previous test, after a pause of about 11 hours (during this
time the czsium solidified), to investigate the influence of the
inactivity time on emission.

To ease of comparison, the results of the two tests are shown

together in the following figures. Tests are numbered accord-
ing to table 1.
In the first test the usual emission behaviour, that is, a progres-
sive slit wetting (fig. 2) and a consequent reduction of the
accelerator current /, (fig. 3), was observed. This behaviour
could be explained by the gradual development of slit wetting,
yielding a regular distribution of emission sites and a corre-
sponding decrease in the ion beam divergence.

In the second one hour test, a good wetting was observed
from the start of the emission (fig. 2). It is relevant to note the
coincidence between the initial value of the emission current
of this testand the final value recorded in the previous one. The
sharp increase of the accelerator current /, and, at the same
time, the small increase of the emission current, could be due
to the formation of an emitting zone outside the horizontal
symmetry plane of the slit; this increases the divergence of the
ion beam.

The reduction (or conservation) of the emitter temperature
with time, as shown in fig. 6, means that the electron back-
bombardment of the emitter, due to the beam divergence
which induces the impingement of the ion beam on the
accelerator plate, was small. In fact the current ratio, an index
of the divergence, decreased to about 4% and the power
efficiency reached values of over 97% (fig. 4 and 5).

Characteristic curves
The voltage-current characteristic curves were recorded
keeping the accelerator voltage at a constant value of V, = - §
kV, and varying the emitter voltage in steps of 250 V.
Three characteristic curves are shown in the following
figures 8 - 12. The first one (number 6) was recorded after the
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Figure 3 - Accelerator current versus time
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Figure 6 - Emitter temperature versus time

third one hour test at P, = 5.0-10"* mbar; the emitter tempe-
rature remained constant at T, = 29 °C, during the whole test.
The other two characteristic curves, the eighth and the ninth in
table 1, were obtained at the same values of chamber pressure
and emitter temperature as the previous ones.

Fig. 8 highlights the practical coincidence of the three
characteristic curves, both in 7, and in /, ; furthermore, the
threshold voltages, conventionally defined in this case as the
value of the total voltage AV at which an emission current of
I, = 0.1mA is recorded, are the same, i.e. V, = 3.5 kV. No
performance alteration is visible between characteristic curves
taken in two different days. The high value of /,/1, at low AV
(fig. 10) is due to the presence of the chamber walls: at low
values of AV the back-bombardment current due to the im-
pingement of the ion beam on the chamber walls has about the
same order of magnitude as the accelerator current, while at
high values of AV the rise of the emission current makes the
influence of the bombardment on the accelerator current
negligible, thus causing the value of /,/ I, to decrease. The
same case can be presented for the power efficiency (fig. 12).
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Figure 5 - Power efficiency versus time

05

90

X XX 300¢ X XXX X XX

ses ’ll'll.

0.4 M‘x

o
“
L)
-
-
=

Th. thrust [mN]
L
"

= Th. thrust 1
»"' X Th. thrust 2

»
T

0.0 = ST TR MG IR U e T e R

0 10 20 30 40 SO 60 70 80
Time [min]
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Figure 11- Theoretical thrust versus total voltage

During test n. 2, characterized by a bakeout temperature of
T,,,=400 °C, the first one our test was carried out immedi-
ately after the ignition of the emitter, at two different voltages
(V.=9.0kV andV, =9.5kV). The initial, modest value of the
total voltage was chosen to overcome an intense sparking
between the electrodes; as a consequence, the initial wetting
was poor. After about ten minutes, when the sparks decreased
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Figure 13- Emission current versus time
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Figure 12- Power efficiency versus total voltage
in both intensity and frequency, the total voltage was in-
creased.

It is interesting to note how the slit wetting process was
accelerated, increasing the total voltage (fig.13); therefore it
seems convenient to perform the first slit wetting at as high a
total voltage as possible. The decrease of the total voltage to
the value AV = 9.0 kV did not produce any variation of the
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Figure 14- Accelerator current versus time
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current ratio and of the power efficiency (fig. 15 and 16),
showing that the slit wetting was already completed.

During the one hour tests of Test No. 3, characterized by a
bakeout temperature of T, , = 350 °C, an anormal behaviour
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Figure 17- Emission current versus time
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Figure 19- Current ratio versus time
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Figure 16- Power efficiency versus time

was observed. The results of one of these tests, performed at
AV =10kV, are shown in the following figures. In this case /,
shows the reverse of a usual trend, with a net increase after
about 30 minutes (fig. 17). This unusual behaviour could be
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Figure 18- Accelerator current versus time
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Figure 20- Emitter temperature versus time
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explained by a possible accidental variation of the inter-
electrode distance. In fact, an increase of the electrode sepa-
ration over the optimum distance of 0.6 mm can provoke a
major impingement of the beam on the accelerator plate and
the consequent bombardment of the emitter by back-scattered
electrons, causing a sudden increase in the emitter temperature
(fig. 20); this in turn results in a higher czsium evaporation
rate, which prompts a further increase in the accelerator
current. Confirmation of this interpretation is given by observ-
ing the trends of 7, and T, in fig.18 and 20, which are very
similar, thus denoting a strict correlation between the two.
During Test No. 3, a wide analysis of the influence of
pressure on ion emission was performed. A first characteristic
curve was recorded at P, = 1.0-10* mbar, after two days of
inactivity. An initial ignition difficulty of the thruster was
observed, which could have been caused by the formation of
athin film of CsOH crystals on the emitter slit during the long
period of inactivity: emission started only at V,= 6.0 kV. The
second characteristic curve was recorded after 17 hours of
inactivity, at P, = 1.0-107 mbar; no ignition difficulty was

0.3
= Pc=1.0 E-8 mbar +
[ 4+ Pc=1.0 E-7 mbar .
02 L X Pc=1.0E-6 mber xf
—_ L4
< x
E b
= 0.1 :+
. p :
« ¥
- * -*
oo L SRR
? 8 ) 10 11 12
AV [kV]

Figure 22- Accelerator current versus total voltage

reported. The third characteristic curve was recorded at P,, =
1.0-10® mbar, after a pulsed mode test. The results of this
group of tests are shown in the following figures 21 - 23.

The comparison of the characteristic curves shows no
influence of pressure, either on the threshold voltage or on the
characteristic curve, in spite of the large range investigated
(from P, = 1.010®* mbar o P, = 1.010 mbar). The first
characteristic curve shows some weltting problems, as men-
tioned above, although they quickly disappear after ignition as
the emission current passed from /,=0.1 mAto/,=3.1 mA in
4 minutes, at V,=6.0kV.

Comparison between the tests in continuous mode

The aging test and the following three tests clearly show
that the chamber pressure had no influence on the emission
performance, at least within the range of pressure investigated
(Pex = 1.010"* mbar + 1.0-10° mbar). During the first ignition
transient of the four tests, the same starting difficulties were
noticed, irrespective of background pressure; however, the
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Figure 21- Emission current versus total voltage
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probability of sparking increases with the chamber pressure,
as was observed several times during this work!!.

The behaviour of the thruster during all of the tests shows
that the variation of the bakeout temperature did not influence
the first ignition transient in any way; therefore, it seems
possible to obtain a sufficient degassing by heating the emitter
at the lower bakeout temperature (7}, = 350 °C).

Itisinteresting to compare the current - voltage characteristic
curves recorded in continuous mode during each of the four
tests under the same wetting conditions. The graph (fig. 24)
shows how, passing from the aging test to test n. 2, the
characteristic curves shifted notably towards lower values of

-- the total voltage, while test n. 3 shows a contrary shift. The

increase in ion current between the aging test and test n. 2 is
about 254% at a total voltage of AV = 10 kV. This could be for
two reasons: firstly, an anomalous increase of the slit height,
due to adeformation of the slit tips caused by the thermal stress
during the bakeout process'?; secondly, adifferent positioning
of the two electrodes from one test to the other'?. This would
also explain the decrement of about 117% of the ion emission
which occurred in test n. 3. Mechanical damage of the blade
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Figure 24- Comparison between the characteristic curves

tips, due to repeated use of the same emitter, could be consid-
ered as a further cause of poor emission.

Comparison between 1.8 um and 1.2 um emitters

At the first ignition transient, the 1.8 um emitter had less
problems: even after long periods of inactivity, the emission
started at a maximum total voltage AV = 10.5 kV, while a
threshold voltage as high as AV = 14 kV was recorded for the
1.2 um emitter'®,

A characteristic curve from the first test of the 1.8 um and
one from the aging test of the 1.2 pm are shown in fig. 25; both
curves were recorded under full wetting conditions.

The emission current is larger for the 1.8 um than for the 1.2
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Figure 25- Comparison between the two emitters performance
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um. This confirms the fact that a higher slit yields a larger ion
emission, as was already observed in a previous work.!S No
appreciable difference was observed in the threshold voltages.

Pulsed mode tests

The first setof pulsed mode tests was dedicated torecording
the voltage-current curves. In the following graphs, the results
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Figure 26- Comparison between characteristic curves in
continuous and in pulsed mode
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Figure 27- Comparison between characteristic curves in
- continuous and in pulsed mode

are compared with the corresponding characteristic curves
recorded in continuous mode, under the same wetting condi-
tions.

In the first graph (fig. 26), the characteristic curve in
continuous mode is shifted towards a lower value of the
emitter voltage; this is probably due to the propellant viscosity
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reduction induced by the increase of emitter temperature, that
eases the ion emission. In the second graph (fig. 27), the three
characteristic curves are practically identical, though they
were recorded at different pressures and in different modes of
functioning, but at the same emitter temperature.

The second set of pulsed mode tests was performed varying
both the duty cycle and the frequency of the pulses. As in
previous cases, the accelerator voltage was pulsed between
V,=-1.0kV and V,=-5.0kV. The emitter voltage was varied

instepsof 0.5kV intherange V,=3.0+5.0kV. The duty cycle
was varied from 20% to 80%, and the frequency from 1 Hz to
10 Hz, for each value of the emitter voltage. The test lasted 4.5
hours, corresponding to about 16200 shots. The emitter tem-
perature remained at the value of 7, = 26 °C for over 4 hours
of operation; when the emitter voltage was increased to V, =
5.0kV, a slight temperature increase was observed'!.

The data gathered at V, = 4.5 kV are shown in the following
figures. Two signals are reported: the bottom one corresponds

Figure 28 - Pulsed tests (1Hz, duty cycle 20%)
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Figure 33 - Single shot, 10 Hz



to the accelerator voltage, recorded via a 1000:1 high voltage
probe (the value AV1 at the top left refers to this signal). The
other signal represents the emission current, measured via a
shunt resistor. The figures show an excellent reproducibility
of the pulse characteristics.

Fig. 31 shows one of the rare sparks that occurred between
the two electrodes during the pulsed tests. This spark caused
a sudden change in the two signals, which returned to the
previous values after about 0.7 s. From figure 33, the emission
settling time may be estimated at about 30 ms. This time
corresponds to the duration of the hydrodynamic transient
required for the steady flow to fully develop within the slit.

It should be noticed that the apparent increase of the signal
amplitude with the increase of frequency or duty cycle is a
spurious effect, due to the slightly non-linear response of the
EEPU at high frequency.

The pulsed mode data are summarized in Tab. 2.

On time/Off time = 500/500 [ms]

vV, [kV] 3.0 35 4.0 4.5 = 50
I, [mA] 0.07 0.27 0.62 1.10 1.82
T [mN] 0.01 0.03 0.06 0.12 0.21
I [Ns] 3.010% 1310° 3210° 61105 1.110*

Table 2 - Pulsed mode performance

Discussion

The experimental data collected during this work allow for
a broad characterization of the FEEP thruster performance
both in the continuous and in the pulsed mode; the following
conclusions can be drawn:

1) within the investigated range (T}, = 450 °C, 400 °C, 350
°C), the bakeout temperature has practically no influence on
the emitter start-up performance, as the first ignition transient
was very similar in all tests;

2) the background pressure value (P, = 1.0'10® mbar, 5.0-10-
® mbar, 1.0-10” mbar) does not influence the emission charac-
teristics in any way. Even ata very high pressure (P, = 1.0-10°
¢ mbar) steady state ion emission is very slightly affected;

3) two different slit widths were employed (1.2 pm and 1.8
um); the higher value allows a higher ion emission, in accord-
ance with the theoretical prediction (mass flow directly pro-
portional to the cube of the slit width). Moreover, the greater
difficulties encountered by the 1.2 um emitter during the first
ignition transient are due to the inverse proportionality of the
theoretical impedance on the cube of the slit width;

4) the geometric spacing of the electrodes has a major influ-
ence on the thruster performance (fig. 24); an increase of the
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inter-electrode gap causes an increase of the accelerator cur-
rent, with anomalous heating of the blades and poor ion
emission, while a reduction induces an increase of the ion
emission but may cause intense sparking;

5) high accelerator current values were observed during all
tests. This is due mostly due to the bombardment of the
thruster by secondary electrons and other particles back-
scattered from the chamber walls under the impingement of
the ion beam. The use of an electron suppression grid and an
ion collector in the vacuum chamber should drastically limit
this detrimental bombardment®;

6) in pulsed mode tests, a quite good reproducibility of the
pulses was observed over a large range of values for voltage,
frequency and duty cycle. The minimum impulse bit is as
small as 1.0-107Ns, while the minimum usable pulse length is
about 40 ms;

7) the pulsed mode characteristic curves, recorded at 1 Hz with
a duty cycle of 50%, quite closely follow the corresponding
ones in continuous mode; moreover, it was proved possible to
switch from continuous to pulsed operation mode, at any time,
without any significant deterioration in performance or loss of
reproducibility of the voltage-current curves;

8) the endurance tests in pulsed mode, consisting of about 5
hours of emission (about 20000 pulses), show no anomalous
heating of the emitter, unlike the parallel tests in continuous
mode (see fig.20); this confirms the regularity of the ion
emission of FEEP thrusters in pulsed mode, even under
conditions that could be critical for the continuous mode.

Conclusions

A large amount of experimental data on the behaviour of
FEEP emitters in both continuous and pulsed mode, under
various operating conditions, has been collected. Together
with results of previous experimental works, these data consti-
tute a valuable basis for the evaluation of emitter performance.
The solid slit emitter technology can be considered as fully
investigated and ready for flight application. Further develop-
ment is needed for the other components of the system
(propellant feeding system, neutralizer, power conditioning
unit), in order to set up acomplete, operational FEEP thruster.
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