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ABSTRACT by controlling the characteristic geometric
parameters of the thrusters.[4, 5]

In this paper, after a short description of the
concept of Field Emission Electric Propulsion In addition, very recently, the capability of the
(FEEP), the development status of the FEEP system FEEP to operate in the pulsed mode has been
is presented together with an outline of its demonstrated, thus opening new domains of
capabilities for spacecraft orbit control and/or application for this system.
drag compensation.

The results of the tests with a single slit solid 1. THE FIELD EMISSION PRINCIPLE
emitter operated in both the continuous and the
pulsed mode are reported. In the FEEP system, the ions are created directly

from the surface of a liquid metal exposed to
The analysis of the results indicates that FEEP vacuum, by means of a strong electric field
thrusters can be successfully operated in pulsed resulting from suitable voltages applied to an
mode and confirms the validity of this operation emitting unit.
mode for demanding attitude control missions like
fine pointing and fine station keeping between When the surface of a liquid metal is subjected to
clustered spacecraft, a strong electric field, it distorts itself into a

series of cusps that protrude more and more from
A long endurance test in pulsed mode is envisaged the surface plan: the radius of curvature of the
in a near future in the ESTEC Electric Propulsion cusps tips become smaller and smaller thus
Laboratory. increasing the value of the local electric

field.[4] When the field reaches values of the
order of 10exp6 V/mm, the atoms of the metal tip

INTRODUCTION spontaneously ionize and are accelerated away by
the electric field that has created them. This

In 1972 the European Space Agency began the process does not require the transitional vapour
development of an advanced concept of electric phase, the liquid metal being directly converted
thruster under the ESA Technology Research into an ion beam with high power efficiency
Programme aiming at obtaining a highly efficient (98-99%). Because the radius of curvature at the
propulsion system for attitude and orbit control of tips of the cusps is of the order of 1 um or less,
spacecraft, applied voltages of the order of 10 kV are

sufficient to create the required electric field.
The application of the field emission principle to
electric propulsion has resulted in the development The metal most commonly used is Caesium (melting
of a high specific impulse ion thruster called FEEP point about 29 deg. C) because of its low work
(Field Emission Electric Propulsion)[1]. function, high atomic mass and good wetting

properties.
The basic laboratory investigation phase covered
the period 1972 to 1980. During this period the
basic physics problems were clarified and the major 2. THE FIELD EMISSION ELECTRIC PROPULSION SYSTEM
engineering problems concerning the manufacture of
the emitter were solved thus enabling the The FEEP emitter has been progressively evolved
initiation of the industrial development phase, from a simple, single pin emitter, through linear

arrays of stacked needles, to an infinite stack of
SEP (France)[7], FIAR (Italy)[8] and Fulmer needles which is the so called solid slit emitter
Research Laboratory (United Kingdom)[3] have been hereinafter briefly described. The emitter module
entrusted with the industrial development of the consists of two highly polished metallic plates of
FEEP system, according to the specialized the shape depicted in Fig. 1.
capabilities of each company.

On a certain region of one of the inner surfaces
The emitter technology has been developed to the several thin dots of Nickel (about 1 um height) are
point that, in the continuous operating mode, deposited by sputtering.
results from one test to the other are reproducible
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When the two halves are tightly clamped together, This preliminary set-up gave results which
they are separated by the thickness of the deposit demonstrated the feasibility of the pulsed mode of
thus forming a narrow slit through which the liquid operation(11l. The relay, however, was identified
metal can flow and be transported to the edges as a source of EMC problems for the pulse generator
under the action of capillary forces. and the presence, in the power supplies, of

capacitors used to rectify the output current
Here Caesium is ionized by the strong electric resulted in a pulse rise time of some 0.5 s. This
field due to the voltage difference existing long rise time is obviously not acceptable when
between the emitter and the accelerator electrode dealing with very short pulses (40 ms).
(Fig. 2).

A special high voltage pulse unit with fast rise
The material used for the fabrication of the time (less than I ms) was then introduced into the
emitters is Stainless Steel and, more recently, command line. The input command for the power
Inconel X750 which has shown some better wetting supply is given by a pulse generator which outputs
characteristics for Caesium. a string containing the pulse characteristics in

terms of length and frequency. With this new
The basic FEEP system comprises (Fig. 3): experimental set-up, a 8 cm solid slit emitter has

been tested with the following main objectives:
S a single solid emitter or a cluster of them;

identify the acceptable parameters variation
S a Caesium propellant storage and feed system; (voltage range, pulse duration, duty cycle);

a power supply unit; - evaluate the pulse reproducibility during a
long term test;

a neutralizer.
evaluate the mass utilization efficiency in

Any desired thrust level can be reached by simply both continuous and pulsed operation modes.
stacking single emitter modules in parallel thus
enabling the system to fulfil the requirements of a The tests were performed in the facility n.l of the
large number of missions. ESTEC Electric Propulsion Laboratory, equipped with

a double beam electromechanical microbalance,
during a period of approximately 3 months.

3. ATTITUDE CONTROL CAPABILITIES
The emitter module consisted of two symmetrical

The main advantages of a propulsion system based on halves of Stainless Steel 420 with an actual slit
the Field Emission principles are: length of 7 cm.

emitter clustering capability; The emitter, which was designated SE-26/1, was
initially tested in the continuous mode for

modularity; different values of the accelerator current, in
order to define the electric characteristics

S continuous thrust throttling from zero to (voltage/current curves, drain current,
maximum value; transmission factor) as well as the utilization

efficiency, the thrust and the specific power
operational simplicity; (power per unit thrust). Afterwards, the same

emitter has been submitted to a long pulsed-mode
possibility to operate in both the continuous test with a fixed accelerator voltage.
and the pulsed mode;

Several tests in the continous mode have been made
low impulse bit. during the pulsed mode testing in order to check

the operational characteristics of the emitter and
As a consequence of these characteristics the FEEP to compare the various parameters with the
system seems to be suitable not only for NSSK of corresponding ones measured in the pulsed mode.
geostationary satellites and drag compensation but
also for fine attitude control purposes(9]. During the pulsed mode tests it has been decided to

keep the accelerator voltage at a fixed value of -5
Due to its low induced disturbances when firing, kV while pulsing the voltage of the emitter
FEEP can offer great advantages in particular for electrode in the range of 3 to 5 kV, the lower
missions requiring fine pointing like astronomy limit being imposed by the value of the onset
missions. voltage (about 8kV).

4. EXPERIMENTAL RESULTS 4.1 TESTING IN THE CONTINUOUS MODE

The need for ultra-fine attitude control of The emitter was tested over a period of 16 days in
spacecraft for scientific missions and the unique the continuous mode and the main results of the
combination of low thrust and extremely fast switch tests are summarized in Table 1 and in Figures 4 to
on and off capability offered by a FEEP thruster, 8.
make interesting the characterization of the FEEP
system performance when operating in the pulsed The following symbols have been used:
mode.

Vem - Emitter voltage
A first series of tests were carried out with minor Vac - Accelerator voltage
modifications to the experimental set-up commonly Fb - Thrust measured
used for the continuous mode of operation(10]: a Psp - Specific power
vacuum relay capable of switching 20 kV with a Isp - Specific impulse
current of 10 A and a rise time of 2 ms was Vgr - Grid voltage
installed in the line between the high voltage
power supply and the emitter.
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Tem - Emitter temperature The variation of the voltage/current curves for a
n. - Mass efficiency fixed off time (500 ms and 5000 ms), varying the
lem - Emitter current duration of the pulse, is shown in Fig. 11 and Fig.
lac - Accelerator current 12. In particular from Fig. 12 it can be seen that
Fth = Thrust theoretical when the frequency is too low, i.e. when thei Mass consumption interval between two pulses is quite long
Icol - Collector current (typically above 5000 ms) the resulting curve is
Igr - Grid current quite steep and far from the ones corresponding to
P - Vacuum chamber pressure the continuous operating mode.
t = Transmission factor

After this preliminary investigation on the
The dots in the figures are the experimental points electric parameters, it was possible to start with
whilst the lines are linear or power (Iny-lnA + the balance measurements. The results of these
Blnx) regression curves, measurements are summarized in Table 3. It is

possible to note the low values of the mass
Fig. 4 gives the emitter current as a function of efficiency and specific impulse obtained when
the emitter voltage for several values of the firing with short 'on' times. On the other end,
accelerator voltage. It is possible to observe the value of the mass efficiency obtained with 500
that for a specified value of the emitter current, ms of firing time and an 'off' time of 500 ms or
any increase in the accelerator voltage causes the 1000 ms is quite similar to the corresponding one
curves to move towards lower values of the emitter (in terms of lem) measured in continuous mode.
voltage, as expected, since the current is a Table 4 contains the results of a reference
function of the total applied voltage (Vem+jVacl). continuous measurement taken during the pulsed mode
Voltage/current curves taken in different days are testing.
fairly good, apart from some decay for the highest
values of the emitter current (about 16 mA). In Fig. 13 a comparison is made between the mean

value of the mass efficiency in continuous mode and
Fig. 5 emphasizes the good reproducibility of the the mass efficiency obtained in the pulsed mode for
results: measurements taken in different days, for several on/off time combinations: the mass
the same value of the accelerator voltage, result efficiency increases with increasing both the
in curves which differ only slightly from each firing time and the interval between the pulses in
other even for high values of the emitter current the range 40 ms to 1000 ms.
(16-18 mA).

The same behaviour is shown in Fig. 14 where, for a
Fig. 6 gives the specific power as a function of fixed value of the 'on' time, the mass efficiency
the emitter current. is plotted as a function of the 'on' time for

different levels of emitter current: the curves,
Fig. 7 shows the difference between the measured for time of firing longer than 1000 ms tend towards
thrust and the theoretical one, thus confirming the the corresponding continuous values.
quite good accuracy of the measurement system.

From Table 2 and Fig. 8 it is possible to note that 5. CONCLUSIONS AND FUTURE WORK
the mass efficiency varied, during the testing
period, from 51% to 62% with a mean value fairly The analysis of the results indicates that FEEP
constant at approximately 56%. thrusters can be successfully operated in the

pulsed mode. The test results can be summarized as
From Table 2 we observe that the emitter voltage follows:
required to obtain a certain value of the emitter
current, keeping fixed the value of the accelerator - The reproducibility of the pulses is quite
voltage, is almost the same during the whole period good as illustrated in Fig. 15 and Fig. 16.
of continuous testing thus confirming the stable
working conditions of the emitter. - The minimum impulse bit can be as small as

10exp-8 Ns, far beyond the capabilities of any
chemical system.

4.2 TESTING IN THE PULSED MODE - The pulse characteristics (voltage and
current) follow quite closely the

The first part of the pulsed mode testing was corresponding values of FEEP thrusters
dedicated to the characterization of the emitter in operated in the continuous mode for on/off
terms of voltage/current curves. The accelerator time combinations in the range of 500-1000 ms
voltage was kept at a constant value of -5kV, which seems to be the optimum range of
(value convenient for the present positive range of operation for the pulsed mode (with equal
voltages of the pulsed power supply), whilst the on/off times).
emitter voltage was pulsed, varying both the 'on'
time and the 'off' time duration. The drain current (lac) in the pulsed mode is

equal or lower than the one measured in the
Table 3 and Figures 9 and 10 show the results of continuous mode (Fig. 17).
these measurements. Each figure contains a set of
curves taken with a different pulse frequency for It is possible to switch over from continuous
an equal firing time: as expected, the longer is to pulsed mode of operation at any time
the 'on' time the closer are the curves to the one without any significant decay of the
corresponding to the continuous mode. In Fig. 10 performances or loss of the reproducibility of
the continuous curve has not been plotted because the voltage/current curves.
it was almost coincident with the first two curves
of the pulsed mode. As a consequence it is suggested, during the

continuous operating mode, to have a short (20 ms)
stop from time to time in order to avoid the
increase in the accelerator current, which can be
caused by Caesium deposit on the accelerator
electrode surface, thus reducing also the sparking
phenomena.
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A computer program for automatic data acquisition
and control of the test is under development and a
long term test in pulsed mode is planned with an
on/off combination of 500/500 ms for the proper
study of the endurance capabilities of FEEP
thrusters operated in pulsed mode.
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Figure 1: FE thruster.
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Emintr SE 26/1 23/03/1988
(crtinuous node)

V R- i I I bV i I ii a i I 1 V vr TC6mI tor. ! F ! i !
5.25 4.0 - 5.0 8 0.48 44.23 1.15E-8 1 4217; 3.1 0.9 + 250 28 0.2E-7 0.48 '48.3 99.8
5.8 6.0 - 5.0 10 0.73 47.4 11.54E-8 1 48511 4.6 1.7 + 250 28 0.25E-7 0.76 154.0 199.8
6.25 8.0 - 5.0 18 0.98 50.9 12.14E-8 4875 6.1 2.5 + 250 28 10.33E-7 1.05 154.2 199.7
66 10.0 - 5.0 20 1.24 53.1 12.50E-8 50701 7.7 3.4 + 250 28 10.4E-7 11.35 155.5 199.8-
7.05 12.0 - 5.0 30 1.50 55.9 12.80E-81 5439 9.3 4.5 + 250 28 0.5E-7 1.68 58.7 199.7
7.6 14.0 -5.0 40 1.8 58.4 13.60E-81 5081111.0 6.0 + 250 28 10.6E-7 2.0 153.2 199.7
8.0 16.0 - 5.0 52 2.12 60.3 4.07E-8 5307112.6 7.5 + 250 29 0.7E-7 2.38 154.49199.67

I I I I I II I II I I I I I I I I I I I I

'I I I II I

SI I I I

t I I I I I I I I I I I I I I I

I III I It I1 I I

Table 1: Emitter parameters for different current levels.

Emitter SE 26/1 16 mA Emitter current

(continuous mode)

Vk" m I Vc. c. F. s r I /s s
p 

Im mAgr gr TCe tPr. i Fm h :I e

I 1 " "

I I I I I t

8.0 16.0 - 5.0 105 2.27 56.4 ;4.04E-8 5718;14.2 11.2 + 250 31 2.1E-7 2.38 54.84;14:03:88
7.85 16.0 - 5.0 78 2.13 58.9 i3.70E-8 5775112.2 8.7 + 250 30 11.3E-7 2.36 159.0 117:03:88
7.75 16.0 - 5.0 70 2.14 57.9 14.00E-8 548013.0 7.9 + 250 31 0.96E-7 2.35 55.8 18:03:88
7.7 16.0 - 5.0 70 2.15 57.4 3.60E-8 607012.8 7.8 + 250 29 1.0E-7 2.34 61.6 21:03:88
8.0 16.0 - 5.0 52 2.12 60.3 14.08E-8 5307}12.6 7.5 + 250 29 10.74E-7 2.38 154.49123:03:88
8.0 16.0 -5.0 58 2.12 60.17 14.34E-8 4992112.4 7.3 + 250 30 10.83E-7 2.38 151.13;25:03:88

I I I I 1 I i I I i I

! ! l ! I f !II I I I I I I I l
I I i i ! II

I I I I T I I I I I I I I I I I
i I l I ! I . k ! I !

Table 2: Emitter parameters for 16 mA emitter current.
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Emitter SE 26/1 02/05/1988
pulsed mode

a Vff V i  i i t~ I . iVc P i - tOR. i Fi i i i

40/500 4.15 1.0 - 5.0 < 5 38.66 1.54E-8 7071 0.05 + 250 29 0.12E-7 0.107 18.9799.99
40/500 4.4 2.0 - 5.0 1 < 5 39.82 11.66E-8 1360 0.1 j+ 250 29 0.13E-71 0.221 116.75 99.991
40/500 4.5 3.0 - 5.0 < 5 40.27 11.66E-8 20631 0.1 I+ 250 29 10.14E-71 0.335 125.13J99.99
40/500 4. .0 - 5.0 < 40.71 2.05E-81 2244 0.2 + 250 29 0.14E-71 0.452 127.05199.99

I 7 ! ! - -- I I ! I !
S100/500 4.2 1 .0 -5.0 <5 38.9 18.84E-91 12461 0.1 + 250 29 0.13E-71 0.108 15.71199.99

S100/500 4.4 I 2.0 -5.0 I < 5 39.82 11.8E-81 19121 0.2 I+ 250 i29 0.14E-71 0.221 23.56199.99
S100/500 4.6 3.0 - 5.0 5 40.71 }1.28E-87 2707 1 0.25 + 250 29 10160E-7I 0.339 132.62 99.831

I I I I I I r
I1 1 7 I I T 7 T T 7 I 7 I
S500/500 4.2 1.0 I -5.0 < 5 38.9 3.76E-9 2924 0.2 1+ 250 29 '0.14E-71 0.108 136.87199.991
500/500 4.6 2.0 - 5.0 1 < 5 40.71 17.04E-9 32741 0.4 + 250 29 0.19E-71 0.226 139.45199.99
500/500 4.8 3.0 -5.0 I 10 41.59 11.05E-81 3370 0.65 7+ 250 29 I0.23E-7 0.346 139.76.99.671
500/500 5.0 14.0 I -5.0 1 15 42.44 11.28E-81 3763 0.95 I+ 250 29 10.28E-71 0.471 143.49199.631

7 I I 7 I 7 1 1 I 1 I I 1 1 7

1000/500 4.2 1.0 I - 5. 0 5 38.9 14.54E-9 2423 0.2 1+ 250 29 0.17E-71 0.108 30.57199.5 II I I I T 24237t 0.2 I 
1000/500 4.5 2.0 -5.0 1 5 40.27 17.24E-91 31461 0.4 1+ 250 29 0.21E-71 0.224 138.33 99.751
11000/500 4.8 1 3.0 - 5.0 8 41.59 8.96E-9 39401 0.6 j+ 250 1 29 10.27E-71 0.346 146.47199.731
11000/500 5.1 4.0 - 5.0 1 12 1 42.87 11.18E-81 41181 0.9 1+ 250 29 10.32E-7 0.476 147.12199.7 1

! ! ! ! ! ! ! ! ! ! I !

Table 3: Emitter parameters for different 'on' time 'off' time combinations.

Emitter SE 26/1 06/05/1988

(continuous mode)

Vant i ;ea { Vac I Fb Es i 'Ido i P jlol Igr 1 Vgr Tem1 ^ Fth I iSv ! e ! va S - N W ! - * = - S aft 1 v * C - to=. S - * - S
'kT I I II I I t

4.65 2.0 - 5.0 5 1 .6  0.4  + 250 28

4.0 1.0 05. < 5 I i 0.7 0.2 + 250 28

4.0 1.0 - 5.0 < 5 0.110 36.28 13.97E-9 2829 0.7 0.2 + 250 28 0.105 134.94199.5 1

4.05 1.0 - 5.0 < 5 I 1 0.7 0.21 + 250 28 1 1
4.1 1.0 - 5.0 < 5 0.114 35.75 13.56E-913285 0.7 0.2 + 250 28 0.106 139.01 99.5 1

4.6 2.0 - 5.0 5 I 1 I 1.5 0.4 + 250 29

4.65 2.0 - 5.0 5 0.195 147.71 17.61E-92610 1.5 0.4 + 250 29 0.227 36.46 99.751

5.0 3.0 -5.0 8 I 1 2.3 10.651 + 250 29

5.1 3.0 - 5.0 8 0.373 41.01 11.06E-8 3590 2.2 0.7 + 250 29 0.357 39.31199.73

5.4 4.0 -5.0 12 i I I 3.0 1.0 + 250 29 1

5.4 4.0 - 5.0 12 0.498 43.34 1.34E-813789 3.0 1.0 + 250 29 0.490 41.42 99.7T I I I0 5 T 1 1 1
5.7 5.0 I - 5. 15 I 3.7 1.4 + 250 29 1 1

5.7 5.0 -5.0 15 0.635 144.88 1.63E-83971 3.7 1.4 + 250 29 0.46E-7 0.629 42.57 99.7
6.0 6.0 - 5.0 181 1 f i 4.4 1.8 + 250 29 1 1
5.95 6.0 - 5.0 18 0.759 47.07 11.80E-84286 4.4 1.8 + 250 29 10.52E-7 0.771 46.17 99.7
6.4 8.0 - 5.0 25 I 5.9 2.7 + 250 29 1 1

T I I 1 I 1
6.4 8.0 -5.0 25 1.026 149.91 12.16E-814841 5.9 1 2.6 + 250 29 I0.69E-71 1.066 51.52 99.7 1

I I I I I I I I I I I T I1 I I I I I I I T 1

Table 4: Continuous measurement taken during the pulsed mode testing.
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