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ABSTRACT
SNECMA, division SEP and FAKEL have jointly
developed since mid - 1996 the PPS 1350 Hall Effect
Plasma thruster. This thruster is derived from the
existing flight proven SPT 100 and is the result of the
combination of patents of both companies.
This development has included a functional
optimization phase with a particular magnetic field
distribution (SNECMA  patent) that improve
performances, the production and tests of a first set of
four LaB6 hollow cathodes, the 3500h life test of the
breadboard model PPS 1350 N°1, the production and
test of a bread-board thermo-throttle, the production
and test of different mechanical mock-ups.
Since early 1998, the qualification phase started with
the production of the two qualification units: MI and
MQ models, one dedicated to the cycled 7000h life
test demonstration and the second to the environ-
mental - thermal and mechanical - qualification tests.
Besides, two units of cathodes have been exposed to
6000 thermal cycles and six units of filaments have
been exposed to 10 000 heating cycles.
The qualification tests for Stentor application are now
completed: the MI model had reached 4005 h and
4490 cycles on June, the 9™ far over the Stentor
requirement (2250h with margin) .The MQ model has
been exposed to the initial tests sequence but, in
between, the requirements — both thermal and
mechanical- have been increased, and therefore, after
a design consolidation, the MQ model has been
refurbished and exposed to the new tests sequence
with success.
The thruster is qualified for Stentor.

INTRODUCTION
SNECMA, division SEP and FAKEL have jointly
developed since mid - 1996 the PPS 1350 Hall Effect
Plasma thruster. This thruster is derived from the
existing flight proven SPT 100 and is the result of the
combination of patents of both companies.
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The PPS 1350 thruster is a Hall effect plasma thruster
which allow the use of a 85 mN thrust range thruster
with more than 1600s specific impulse and 50% of
electrical efficiency onboard satellites for attitude and
orbit control .The large associated mass saving (about
500 to 800 kgs for satellite in the 3500 kgs range) is
today obvious [4], but this type of thruster was not yet
qualified with respect to European standards; this was
the first goal for this thruster: to demonstrate its
capability of being qualified with western standards.
This is done today: the suppliers of all the materials
and components used inside the thruster are all located
in western countries. The assembly and test is
performed by SEP.

On the other hand, the thruster provides performances,
which are high and improved with respect to existing
technology, both on propulsion performances and on
mechanical performances:

Beginning Of Life typical performances:

Thrust >90 mN

Specific impulse 1720 s

Discharge voltage 350 vV

Discharge current 428 A

Overall Efficiency >52%

Divergence (90%) <42°

Life time >7000 h

Random vibrations 17.4 grms

Shock 2000 g for £> 3000 Hz

The improved magnetic field distribution and the
mechanical design allow to obtain these performances.
The design (for instance the cathode design and
fixation, the electrical scheme of use, etc...)
incorporate the feed back experiences from SPT100
qualification tests and use.

Then the second goal — improved performances- has
also been successfully reached.
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SPECIFICATIONS

The thruster specifications have been established with
CNES, ALCATEL Space, and MMS in the frame of

the French Technologic Satellite Stentor where will be
used two PPS1350

thrusters.

thrusters

They are summarized in the table 1.

Table 1: Reference specifications

Thrust 88 mN
Discharge voltage 351+-3V
Discharge current 4.28+-0.1 A
Xenon flowrate 5.2 mg/s
Discharge power 1500 W
Specific impulse 1720 s
Total efficiency 51%

Total impulse

1.44 MNs (commercial sat)

and two SPT100

Cumulated duration 4800h (commercial sat)
1500h (Stentor)
Operating cycles 5200
Divergence 42 °
Environmental specifications
Temperature range:
Operating -43, +205 °C
-10, +90 °C (XFC)
Qualification -48,+210 °C
-15, 495 °C (XFC)

Qualification random vibrations:

First level Present level

20-100 Hz +9dB/Oct 20-70 Hz +9 dB/Oct

100-600 Hz 0.26 gHz 70-175 Hz 1.0 g¥Hz
175-210 Hz -12dB/Oct
210-280 Hz 0.26 g*/Hz
280-300 Hz -22dB/Oct
300-900 Hz 0.13 g?/Hz

600-2000 Hz - 6 dB/Oct 900-2000 Hz - 6 dB/Oct
3 min. per axis
Qualification sinus vibrations :

5-22 Hz
22-100 Hz

10 mm 2 oct/min
20¢g
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Shock level:

First level Present level
200 Hz 100 g 500Hz 100 g
1700 Hz 900 g 1200 Hz 600 g
10000 Hz 900 g 3000 Hz 2000 g
10000 Hz 2000 g
DEVELOPMENT PHASE

Functional optimization:

Different configurations of discharge chamber have
been tested during the second half of 1996; they are
listed in table 2; the best results have been obtained
with the A610c configuration; this work, done with
Fakel [3], allowed us to prepare the PPS1350 N°I for
life testing in order to assess fully the compliance of
this configuration to the requirements, specially the
life time.

Table 2: A61 configurations tested and result

Thruster IdA |Qmg/s| FmN |Isp s | Effic.
A614 392 4.84 77.99 1643 0.46
A615 3.70 4.67 72.89 1591 0.44
A618 4200h 3.90 5.25 73.58 1429 0.38
A616 4.00 [493 80.44 1663 0.47
A610c 432 5.15 89.27 1767 0.51
A617 3.90 4.82 80.44 1701 0.49
A617-1 3.80 4.83 78.97 1667 0.49
A619-1 393 4.90 79.95 1663 0.47
A619 4.00 4.92 82.21 1703 0.49

The selected optimized functional configuration has
been the A610 c used up today.

PPS 1350 N°1 3500h life testing

The 3500h-life test performed on the Development
model PPS 1350 N° 1 has been already reported in
[1], [2] . The test has been carried out between January
and July 1997. The positive results allowed to freeze
the functional design of the thruster. Figure 1 shows
the erosion patterns in different portions of the
thruster, confirming the good behavior of the selected
configuration.
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Figure 1 : Erosion pattern of the PPS1350 N°1
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Cathodes production

During the joint effort of Snecma and Fakel | the
design and technological processes of the hollow
cathode have been set in Snecma facilities ; all of the
materials used in the cathodes have been purchased
either in Europe either in USA and all the
technological processes soldering , welding
assembly and test have been developed and qualified .
Then a first set of four cathodes have been
manufactured and tested during 100 activations.

The good results of the acceptance test allowed us to
prepare two units for accelerated life thermal testing
during 6000 heating cycles.

2

Breadboard thermothrottle
In the development phase, one unit of thermothrottle
has been produced and tested in order to achieve the
qualification of the brazing processes and to assess the
sizing of the tubing used with respect to the
requirement of mass flow-rate.

Mechanical mock ups
For the mechanical optimization of the thruster,
different vibration tests have been carried out at sub-
assemblies and thruster level:

Sub assembly discharge chamber

Sub assembly distributor

Thruster mock up with one real cathode

These mockups have been tested at the first level of
random vibration and the results obtained allow
achieving the final design of the next qualification
models MI and MQ.

Figure 2 shows the mock up during test.

Figure 2: PPS 1350 mock up



PPU PPS 1350 coupled tests

One goal of this test was to verify the overall
optimization of the loop: power supply + electrical
filter + thruster in terms of start up sequence,
transient behavior during start up and steady state and
also filter and thruster performance.

As an example, figure 3 shows the transient on
discharge current and voltage during start up.

The first strong peak on current is associated with the
discharge of the capacitor of the filter while the ma-
gnetic field inside the thruster is not yet established
because the magnetic coils are energized by the
discharge current itself and that the current inside the
coils is delayed du to the inductance behavior of the
coils. Then the further current and voltage evolutions
are associated with the capacitor recharging
characteristic time and with the building up of the
magnetic field.

Figure 3: Discharge current and voltage during
start up

LN
A

QUALIFICATION PHASE :

MI and MQ thrusters production
Following the completion of the development phase
that has been achieved during the CED
(manufacturing drawing review) review in January
1998, the assembly of the two qualification thrusters
has been carried out and the acceptance test
performed.

The following sequence of acceptance has been done
on each of the two thrusters:
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Electrical checks

XFC proof pressure

XFC leakage #1

XFC functional tests #1

Reference performance #1

Thermal cycles (4 at acceptance level)
Vibration test (random at acceptance level)
XFC leakage #2

XFC functional tests #2

Electrical checks

Reference performance #2

Figures 4 and 5 give the acceptance tests results for
the M1 model.

Figure 4: Acceptance thermal cycling of MI model

=00

Figure 5: Acceptance reference performance of MI
model
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MI model life test

In parallel to the production of the thruster, the test
facility LIB has been upgraded in order to become
fully automatized and to be able to sustain long
duration testing.
A new computer-driven system has been prepared
with the associated software.
The test duration is expected to be around 18 months
24 hours per day, therefore the test facility system
control was required to be a stand alone type device
with sufficient reliability to be a safe operating
system. Together with the preparation of the
computer system, three level safety logic has been set
up on the test facility:
-Software controlled — threshold type - surveillance
-Hardware controlled - relays type - surveillance
-Power supplies limitations

Besides, the vacuum chamber and the cryogenic
pumping system have been protected with carbon
tiles to allow long duration testing

Moreover a new upgraded plume probes analyzer has
been built in order to allow beam divergence
measurement during one cycle every 1 minute.
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All these modifications gave us a quite completely
new test facility ready to start the life test.

Then the life test has been started the 15" of May
1998

The test plan for this test is mainly based on the use
of only one cathode (which is the worst case of flight
use) and is given below:

The whole 7000-h test is divided into about 35 sets of
228 cycles as follow: (time in minutes)

Type of | Cathode | Ton | Toff | Number
activation

2" cathode 2 52 |25 |10
Long pulses 1 180 |25 10
Long off time 1 52 180 |10
Short pulses 1 10 25 |8
Nominal pulses |1 52 25 190

Figures 6,7,8,9,10,11,11b give the results obtained on
the MI model after 4005 hours and 4490 cycles of
working.

Figure 6: Mass flowrate (mg/s) versus time
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Figure 7: Specific impulse (s) versus time
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Figure 8: Thrust (mN) versus time
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Figure 10:
versus time
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Figure 11: Pulses statistics
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Figure 11 bis : Erosion evolution of MI model
(comparison with PPS 1350 N°1)
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Environmental qualification tests of MQ
model

Figure 12: MQ model

The whole test sequence applied on the MQ unit is
given hereafter:

Acceptance test sequence (see paragraph 3.1.)
44 additional firing tests
Reference performance #1

10 thermal cycles (first level)
Reference performance #2

Sine vibration

Random vibration (first level)
Specification change

MQ upgraded to MQR
Reference performance #3

Sine vibration

Random vibration (present level)
Reference performance #4
Shock

Reference performance #5

8 thermal cycles (present level)
Reference performance #6

Thermal cycling:

As an example, figure 13 gives the last environmental
thermal test performed on MQR model
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Figure 13: Thermal cycling of MQR
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Random vibration test:

Figure 14 gives the two spectrums (first and present
levels) used on MQ model.

Figure 15 gives the resonance frequencies evolution
during testing.

Figure 14: Random vibration spectrum
(First and present levels)
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Figure 15: Resonance frequencies during test '

Axe | Eigenfrequencies (Hz) | Mode type
Before test | After test

X 242 242 Cathode axis
399 392 Thruster torsion
490 490 Inner coil

V4 392 386 Thruster torsion
337 337 Cathode transverse
441 441 Cathode transverse
480 477 Inner coil
1607 1600 Anode

Y 240 240 Cathode axis
816 816 Inner coil
1092 1086 Chamber
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Shock test:

The shocks spectrum (first and present) are shown on
figure 16 together with the recorded signal

Figure 16: Shock spectrum and measurement
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Cathode's heater cycling.

Six units of the heater have been set up inside a small
vacuum chamber and cycled during 10.100 cycles.
Figure 17 shows the resistance evolution during the
test. Figure 18 shows one of the heaters.

Figure 17: Heater's resistance evolution
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Figure 18: Heater

Cathode cycling
Two units of hollow LaB6 cathodes have been

thermally cycled by Fakel in Kaliningrad. The test
plan used was the following for the 6000 cycles:
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Cathode K2: Ud=350 V Id =4.28 A

Nb cycles | F mN Ufloating V | Q mg/s
0 85.5 12.0 0.41
1000 84.0 13.0 0.45
2000 83.9 15.2 0.45
3000 83.9 14.0 0.40
4000 82.4 15.6 0.40
5000 84.2 16.8 0.39
6000 83.6 148 0.41

Figure 20: Heater resistance evolution (Ohms)

Nb cycles Cathode K1 Cathode K2
hot cold hot cold

0 0.544 |0.204 |0.569 {0.216
1000 0.578 10205 |0.616 |[0.237
2000 0.587 |0.218 [0.642 |0.247
3000 0.602 |0.216 [0.632 |0.242
4000 0.621 0218 |0.664 |0.235
5000 0616 |0.238 |[0.669 |[0.254
6000 0.616 [0.240 [0.681 |0.238

Nb cycles Heating power (W)
1 500 100
2 500 94
3 500 87
4 500 100
5 500 94
6 500 87
7 500 94
8 500 100
9 1000 94
10 1000 94

Max=100 ; Nom=94 ; Min = 87 Watts

After each 1000 cycle, the cathodes have been fired
in thruster configuration.
Figure 19 shows the firing test results and figure 20

shows the heater resistance evolution.

The test

results

show that the cathodes have
successfully sustained the 6000 cycles "hardened"

test with no degradation, no loss of performance.

Figure 19: Cathede test results after 6000 cycles

Cathode K1: Ud=350 VId=4.28 A

N°cycles |F mN Ufloating Q mg/s
0 86.3 13.7 0.43
1000 85.0 14.7 0.42
2000 84.4 13.2 0.39
3000 84.5 13.5 0.40
4000 823 15.0 0.41
5000 84.9 16.9 0.40
6000 833 262 0.43

Flight hardware

The two Stentor flight units of PPS1350 have been
manufactured. After authorization to proceed —~ which
has been given by CNES and ALCATEL, the
thrusters have been acceptance tested prior to
assembly at propulsion module level.

Figure 21 show the scheme of one of the two
propulsion modules with PPS1350 and SPT 100
thrusters mounted on the gimbals. We can see also
the Xenon flow controllers close to the filter units at
the right bottom of the scheme. In the center part the
bearings are clearly seen with the harness and tubing.
Figure 22 show one of the unit after production
completion.

Figure 21 Stentor propulsion module




Figure 22 PPS1350 Flight model MV1

PPS 1350 derivative models:

Besides the Stentor application, which is now close to
completion, others futures applications of the PPS
1350 thruster are now merging;

- ESA had choosen the PPS 1350 thruster for the
Moon probe SMART-1; it is envisaged on this
version to use an improved — low power — start-up of
the thruster.

- For constellation application, a new upgraded,
design to cost optimized, version is under develop-
ment with already quite promising performances and
cost.

- Higher power thruster study and development is
starting.

TEST FACILITY LIC

Besides the thruster development, a new , more
powertful , test facility has been built in order to allow
the start of new tests with increased speed of pumping
when compared with the LIA and LIB test facilities
already used in Villaroche for plasma propulsion
purpose. This new test facility will be ready for use in
november 1999 and the life test of PPS1350 MI model
will be continued there.

Figure 23 shows the vacuum chamber.

Figure 23 : New test facility LIC
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CONCLUSION

The PPS1350 Thruster has been qualified for the use
onboard the satellite Stentor which will be launch at
late 2000.

The lifetime demonstrated is 4005 hours of cumulated
working duration and 4490 cycles of activation with
improved Isp, efficiency and divergence.

The life test on MI model will be continued till 7000h.
The environmental requirements for the future
commercial satellites are demonstrated.
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