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= NANOSATELLITE IN-ORBIT SPACE
MISSION
= PLATFORM DESIGN
p = RADIO ASTRONOMY AND EARTH

OBSERVATION INSTRUMENTATION

e - SPACE PHOTONICS
MARTINLARA »  PLASMA MICROPROPULSION MODULE

\J
‘,'p = One of the EP2 Challenges:

DEVELOPMENT OF AN ON-BOARD EP ENGINEERING MODULE FOR NANOSATELLITES :
= [sp=>500s | 10”5 firings | Ibit=10 uNs | <lkg | <= 1 CubeSat unit

Teflon Solid Propellant

\ [ Igniter Plug
4
l“- Simple structure (scalzflbility; reliability). v Pai i
7 « Low power consumption (<20W). jiiE== Bl

Anode
= QOperational versatility ;
Fuel-Retaining Shoulder
b

* First APPT Spanish proposal L ™ capacior Burton98

Fig. 1 Solid propellant PPT (schematic).

About PPT worldwide history:
- First EP thruster on a space flight (1960s).

- Successful heritage of about 50 years in attitude-control and station-keeping, drag make-up and primary propulsion
purposes
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EXPERIMENTAL CAMPAIGN

p “ Final objectives:

d4 1. Discharge characterization
2. Understanding of the physics
3. Prototype Optimization

y Intermediate steps:

3Dprinted pieces to
allow fast iteration

4|
’v

Fast acceptance of mo

yoard model |

*) S. Barquero, M. Merino, J. Navarro. Design of an ablative pulsed plasma thruster for
micropropulsion. Space Propulsion Conference 2020+1.

MARTINLARA

ersatile (geometry, electronics)
Easy to manufacture an
difications

Nominal point also based on approximated
scaling laws from existing parallel rail uAPPTSs

\8\\ uedm L7 @Eﬁ

p Critical starting considerations:

CHANNEL GEOMETRY & SIZE
MAIN ELECTRODE VOLTAGE

MAIN CHANNEL W0/A RATIO
TRIGGERING CONFIGURATION & CIRCUIT
(INPUT POWER)

DIAGNOSTIC SELECTION

Example of the
simplified models
operated in these
preliminary tests.

Just the channel and the
batteries are placed
inside the vacuum
chamber.

1d assembly

Scherezade Barquero-EP2 6
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EXPERIMENTAL SETUP

Drawing is not to scale. inal-
S Glvlomnab V) Ay e Heodicol HEDRON Vacuum chamber
i [ ) ; (50x50x50cm)
i 1.5cm acceleration channel Vacuum Mechanical pump and
Turbomolecular pump
EMCO Ppropellant Valid range: p< 10~* mbar
R ) (PTFE)

FS30-12 Height=1cm

VAN BE CATHODE

Single
Ldngmuir probes

drmoresistor

6 kV (Vsp:1-3kV
isolated I (Vsp )

DCDC
CONTROL converter

HV rated
ceramic

with multiple analo
input channels E

PHOTRON I

P FASTCAM
MINI UX50

[ R e e e e i I

g o capacitor
E g : ot
© o 1
> = | BNC_EN(_E.E BNG___ BN
; Out of the scope of this T
Low I abcdef g h presentation ; ;

voltage : e o o o o oo KQ KQ

power : Oscllloscope MS09404A rgsistbr  resistpr

supply . L = -

Low

voltage
power

B ‘ ® fnge I
; ; Main discharge: 2.5) supply \/

Spark plug discharge 5x10~%)
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DISCHARGE TRIGGERING _

/d

N Different kind of di/s/cha?éé
l" = |gnition in vacuum along an insulating surface (flashover) l? Y
s not a trivial task. e e | FLASHOVERS
WE WANT THE PROPELLANT TO BE THE MAIN CONTRIBUTOR TO THE Vs
PLASMA GENERATED | metal-vacuum-Metal (mvm) gaps | VACUUM METALLIC ARCS
- Different mechanisms
- Different Electric field demands for triggering
, v= kV + 1cm gap is not enough electric field for a flashover - Different plasma composition
’'y AN EXTERNAL TRIGGERING MEANS IS REQUIRED TO INFLUENCE FACTORS:
RELEASE ENERGIZED ENOUGH FREE CHARGES é — | * Electrode material and geometry (as the e- emitter)
| — * Spacer material and relative position / vacuum gaps
_‘ B Or:)posite electrode geometryp 5P
v Different triggering system have been manufactured and tested. Ldl T e Reeiuey g
1' THE MOST ROBUST ONE: SMALL APPT WITH VACUUM

IGNITION VOLTAGE AROUND 1.5kV (1-3kV)

>5000 FIRINGS WITHOUT SHORTCIRCUITING m’ Some characteristics:
’ e » Erosion problem: Triggering demands are highly
’ .(PTFE sensitive (shot-to-shot variations)

Contamination problem: Risk of short-circuits.
Uncertainness concerning the discharge location.

" Very complex topic, but it is a KEY ELEMENT FOR RELIABLE
1" LIFETIME. Alternatives are needed.

\0'\ i 2 Because sometimes, probably when far from the thermal “favoring”,
O uedm £7° gEEe

a higher pulse is required to start the ignition.
MARTINLARA



CONTENT

= APPTs AND THE MARTINLARA PROJECT

» EXPERIMENTAL CAMPAIGN INTRODUCTION
= SETUP

 DISCHARGE TRIGGERING

= DISCHARGE VISUAL ANALISIS

* VOLTAGE WAVEFORMS

= SINGLE LANGMUIR PROBES

* NEXT STEPS

Scherezade Barquero - EP2 11



VISUAL INSPECTION 1

PHOTOGRAPHY

anode

N . L
9 Reconstruction of a representative discharge > ‘

cathode L — __
sequence. 7 4 - : ' O uam 277 Em

Spark plug
fe. 1 MARTINLARA

Y Plasma evolves from the triggering seed toward

the anode. ‘_

Main remarks after the observation of hundreds EEEERE

of photographs: .

)  NONUNIFORM PLASMA ‘anoa;
DISTRIBUTION y

T
C t ® cathode
- Canting »
- Different “regimes” with dependence on the
geometrical and electrical configuration: diffusive/sheets |l
- efficiency? anode

2) PLASMA IS EJECTED -

(o)

3) PROPELLANT IS CONSUMED

; T cathode

Spark plug Nominal configuration.

‘4) LIGHT/HOT POINTS

y But be careful with reflections! N
Labe

_5) THE PLASMA BORDERS THE ANl

Propellant

Gas fed PPT Liquid fed PPT

Scherezade Barquero - EP2



VISUAL INSPECTION II

SURFACE ANALY SIS

- SPARK PLUG
lﬂ- Conductive charring and electrode materi
v deposition along the dielectric gap is a risk
for short circuiting (experienced)
2. The discharge cleans the area around it.
3. Uncertainness about the . oy '
amount of charring that . ‘a o
comes from the SP dischar i L |
itself. {Eu o : e
.« ELECTRODES - Io(c;tion bl 200 Main firings
4 1.  Hard erosion is not
‘v evident
2. Different plasma
distribution patterns
depending on the gap
3. Charring at the exit of the anode’s back where the
photographs showed plasma

\J
6. PROPELLANT

. Erosion as consumption evidence
2.  Conductive charring accumulation: risk of short circuit F |

(not experienced) - ‘ ,
SR
-

5000 SP firings

<
CIea&’éf‘ea \

around

3. Relation between the Energy/Area ratio and the

charring accumulation requ@' S a more depa(ilegi S Er0§i_0n
(ongoing) L vedm O %%y& location

MARTINLARA



VACUUM CHAMBER PRESSURE VARIATION

BECAUSE OF THE MAIN DISCHARGE

Pressure [mbar] (x1e-06)

16

14

3™

Pressure

The
turbopumps
are working

~1x10°mbar

1]

100

200 300 400 500 600 700 =ni] 900 1000 1100 12C

Time [s]

S £PE .
This firing frequency is much larger than the characteristic operating one for APPTs (about 1Hz). k/\ uedm  O7 %
This test was doing just with information purposes only. MARTINLARA
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DISCHARGE VOLTAGE WAVEFORMS*

1. Repeatability verified for both ., Discharge voltage waveforms Maifj Anode voltage |
discharges in terms of voltage | e amode)| (main battery, MB) Main discharge
waveforms (especially for the first ool cathode 2000 | Nominal point
discharge period in the case of the o [
main one) ol \

\vVoI{age [V]
d%
\

2. \Very different time scales:\p‘ i
‘!:" -500 | \/
Tug = Tspx10? o
3. Perturbation on the main)zekage/ 1500 |

-2000

due to the Spark plug discharge, s

-2500 ' ; : : : !
and also, on the Sp_ark plug 2 4 Vi 3 ¥ -10 -5 0 5 10 15 20 25
discharged voltage induced by the a time [s]
energetic main-discharge.
g 9 | Spark plug voltage
"Other_eg(_grpple 1000 , Spark plug discharge
Tl Perturbation on ) | &6 N nominal point
the A
thermoresistor ‘ — 0 \ /X \ -
circuit due to ‘ e \oS
the APPT | & -500
: [
discharge = 1000
-1500
-2000
-2500 :

-0.1 0 0.1 0.2 0.3 0.4
time [s]



SPARK PLUG VOLTAGE

1. Repeatability verified for both

: , 4. The triggering voltage (Vsp) is for
discharges in terms of voltage

this triggering circuit involving a

waveforms (especially for the first 2000
discharge period in the case of the 1500
main one) : > e

5 Verv different time scales. out of our control, once the SP @ 10—

' y ' eometry has been defined. % 500 |
— 2 4 =

Tup = Tspx10 ¥ Vsp between 1-3kV 0
3. Perturbation on the main voltage “Randomness”: High sensitivity to 500 |

due to the Spark plug discharge,
and also, on the Spark plug
discharged voltage induced by the
energetic main discharge.

microscale erosion.

\8\\ uedm £P° @%ﬁ
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Main Anode voltage

5 0 5 10 15 20 25
time [ps]
Spark plug voltage
0.1 0.2 0.3 0.4

time [us] MB:5uF.0.5cm gap



SPARK PLUG VOLTAGE

1. Repeatability verified for both
discharges in terms of voltage
waveforms (especially for the first
discharge period in the case of the
main one)

2. \Very different time scales:
TMB = Tspxloz

3. Perturbation on the main voltage
due to the Spark plug discharge,
and also, on the Spark plug
discharged voltage induced by the
energetic main-discharge.

The triggering voltage (Vp) is for Main Anode voltage

this triggering circuit involving a

2000
1500 |
; = | o ‘.M,,ml\“ |
out of our control, once the SP @ 10— qu
geometry has been defined. 2 500 LA A
> { \ o
V¢p between 1-3kV 0 \ / \Q‘;?Wf/‘f’gm
\‘t:‘ / 4 b'”
500 \b/ A
1
10 5 0 5 10 15 20 25
time [ps]

Spark plug voltage

1000

7000 7000
500 | 500 ' VO:
ol Channel ‘
0r . 0 =
height: r\ 2500V .
% -500 1 o
-1000 f =)
g -1000 7 —1.5cm — 2000V
—1cm - 1500V
2000 —0.5cm 500V
-3000 3 5 -2500 . " 2000 :
time [.;{10‘1 us] time [xl(-)4‘1us] D time [x10™* ps]
. <>|~ Ny 2 — MB:3uF|0.5cm gap !
MB:suF O uedm £77 minm 0.1 0.2 0.3 0.4

MARTINLARA

time [us] MB:5uF.0.5cm gap



SPARK PLUG VOLTAGE

1. Repeatability verified for both 4. The triggering voltage (Vp) is for Main Anode voltage |

discharges in terms of voltage this triggering circuit involving a
waveforms (especially for the first 2000
discharge period in the case of the 1500 }‘
main one) 5 ’““ :
of trol the SP : < " Oom_f;...&.,.wmmtu&.l, i
: . , out of our control once the o e i
2. \Very different time scales: geometry has been defined. é’ — qu
TMB = Tspxloz =
V¢p between 1-3kV 0
e S i ahargs g Randomness” High seniiiyto
and also, on the Spark plug "mmroscale erosion. 10 5 0 5 10 15 20 25
discharged voltage induced by the time [y1s]

energetic main discharge.
g g Snarl/ nliio \lqltagp

500 i
500 500 f ‘ %0 “;
‘:"f ‘. I
A 0 ’ | /1
0 0 “" ‘J’\f 0 l \i\ J
-500 ‘ -500 L\
-500 ‘ 500 ;
-1000 ) “w
-1000 — ‘ -1000 “
-1500 -1000
S <G =27
~1500 [ _ P s 500! s A S
-1500
-2000 &= ;2 L '71' ™~ T 49 & A ) 4 0 ) A0
time [x10-ps] time [x10™pus] time [x10™*us] time [x10~*us]
T vedm £ 0.1 0.2 0.3 0.4
—

MARTINLARA time [us] MB:5uF.0.5cm gap



BREAKDOWN PROCESS

Main anode voltage from the initial time of the spark plug
discharge up to the main gap breakdown initial time

L
-1500 | |
0.5 1500

0.8cm channel gap/ 0 1cm channel g&p/
5uF Main Battery SuF Main Battery

5. Transition time about 1-2us but exceptions exist (the
larger the gap is, the larger is the dispersion of the data)

v Effective cross velocity (10*m/s) for this transition is

consistent with the reference electron thermal velocity
¥ (10°m/s).

Different patterns, with evidence of noise coming from,
probably, other discharges (e.g, non-desirable atmospheric
discharges induced in the inside of the DC DC converters).

p‘ \8\ udm £7° i
' MARW

S

voltage [V]

-500

/oltage [V]

1000/

500

-500 |

-1000

-1500j
-2000|
-2500,

-0.1

Spark plug volta

0.1 0.2

|i First perturbation on the mpin

ele

1600

400

Spa rk_plug discharge.

trodes’ voltage. Due to fkhe

0.2 0.4

time [us]

time [us]

Main Anode voltage

10




BREAKDOWN PROCESS

Main Anode voltage

6. Often, high frequency noise at the negative

2000
peaks of the main discharge.

Same frequency than the SP discharge.

Existence of secondary reignitions could explain this,
as first approach. N
R

erturbation on the mpin
Spark plug volt pertur
] i ctrodes’ voltage. Due takhe
S rk plug discharge.
“Reignition”? Ll
500 | Spark plug discharge perturbation on a
discharged main battery

-550 | I
= (| [\ 4 w0
S “800;¢ 3‘ ‘\ £ ‘ “\ ‘ 500
£ \/ ¥ axn . | “ (L 400
Sesor’ |/ ||| V| .
g L | ‘ “ “4,“ = 200
g -700 | | = 100
2 || &
£ 750 v g’
T [ = -100 \ VI

-800 | 1 / -300 ‘,

| |
|| 7 -400 I
a\ pAY )/’ i -850 [ 1 -2500 . = | 2 0 2 4 6 8 10
T uedm SP° \ tme 5]
— : ' i ' ' ! -0.1 0 0.1 0.2 . .
AARTINLARA 1.7 1.8 1.9 2 2.1 22

ts] 10 time [us]



PERFORMANCE ESTIMATE

ELECTRICAL MODEL FITTING

ELECTRICAL MODEL* Snowplow model Main discharge

2500
| | Widely used Nom|na| 2 ' ' ' ' X l\D/laet:nt'rvoarru2:ndreds of discharges
- Useful benchmark case 2000 Constant RLC fitting
= (Simplified) Plasma Current [KA] ~3 o 150§
momentum equation + pleba'ltk [uNs] 10 , S 1000
. . I UNs ~ 1
RLC circuit equation ] &
Isp [s] ~200 2 o
= Plasma sheet , | ‘ , >
. Thruster WO [J] [J\ycor{é] V[V] c[uF] Isp [s] Ibit [Ns) 5 10 15 20 25 30
assumption (as a tus] of
LES-6 (B) | <7(1.85) <26 500-2000 0.66-6 590(300) | <90 (26)
mobile resistance with [ swse | s [ s |- ~ e [ |2
. . EO-1(B) | <10(8.5) 0.88 - - 650 <100 (90) E ; -500
Varlable lnduC'[aIlCG) DAWSTAR (B)|  5.23 2.27 500-2000 - 483 56 x [ location along the channel
FPIB20/88) 2.3-3.6 (6.76) 1500 13 (960) 22) 0 : : : : ! -1000 . L : . !
TMIT-X (B) (3.38) 0 5 10 15 20 25 30 0 05 1 1.5 2 25
STSAT-2 (B) 18 - >1500 16 800 25 t[us] time [s] <108
4-3.2/
PPTCUP (S) (L7) (2-2.3) <1500 SZP‘E;ZDF 590 (29) Initial inductance = 3x1 0—7 H Spark p|ug voltage
BITPPT(B) | - - asoo | Y - - o e —1e1n-1 e Dol from Fardrods of desharges
SP:0.18uF Moving constant Resistance =1x107+

O Mean values
| Conistant RLC fitting

Voltage [V]

*) R. G. Jahn. Physics of electric propulsion. New York: Dover Publications, 1968. - —
O uedm 277 Rige

. . . — 0 0.5 1 1:5 ; 3.5 4 4.5
S. Barquero, M. Merino, J. Navarro. Design of an ablative pulsed plasma thruster for MARTINE AR % & .

107
micropropulsion. Space Propulsion Conference 2020+1. time [s] b
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SINGLE LANGMUIR PROBES

Floating and negatively biased (to collect positive ions for ToF)

Floating voltage (12.2cm from channel exit) floating
T T T T

s ' V E RY P R E L| M | N A RY R E M A R KS - Floz?ting voIFage (12.‘2cm frorln the chlannel ex'it) roatir}g

1. Atleast three voltage fluctuations are measured, BUT
just (maybe) two populations of iogi ‘me different
(re)ignitions?) O

A

| A
A\)&\. ,\,L/%‘.- _
A A R o O G i e

A Sbnaram ot e

B

In both cases, the data is apart from the noisy region.

2. High repeatability of the peak positions in the two
types of tests for the respective regimes of interest

Main electrode voltage [V]
Floating probe voltage [V]
Floating probe voltage [V]

Multiple firings
0.5 1 1:5 2 2.5

-200

0 0.5 1 15 2 2.5 3
t[s] <10 t[s] %10

3. Alarger bias favors positive ion collection (range
) tested: -30 to -200V), making the negative initial 0.03
» valley to reduce. — Sanfrom the
0.02 |
4. USE LARGER DISTANCES BETWEEN PROBES! 0.01}
) The maximum distance tested between probes was M
2 about 10 cm but it is not enough to provide valid
results (the delay time between probes is too short
and can be comparable with the uncertainness).
Hence, the velocity results are wrong, being at least
one order of magnitude about the expected 003l
solution (i.e., around 10 km/s)

2 Biased probes at -70Vv

10cm from the
channel exit

Current [A]

10k€)
resistor

0o 05 1 15 2 25 3 35 4 45 5 B\UCISm £z (o
1% i%[m

time [s] <10

MARTINLARA
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NEXT STEPS

in the short time

These results constitute a brief summary concerning a necessary first approach to the discharge basis, its
measuring needs and the diagnostic execution.

Lesson learned about how to refine the tests (including the setup) and open question list to focus on.
Electronics must be also improved in order to provide a more robust but flexible design, especially in terms of
control and ignition.

A detailed parametric analysis must be developed exploring both electrical and geometry parameters. Already
started 1n terms of energy, electrode voltage and electrode gap.
Metrics concerning efficiency must be verified, and an improved nominal point, defined.

Photography synchronized with the main discharge waveforms must be achieved.
Direct current measurements (Rogowski coil) and the Langmuir tests must be exploit deeply (but improved)
in order to provide consistent results.

Our sight sets on optical diagnostics (as OES) in order to identify the plasma composition and distribution;
another huge challenge.

\8\\ uedm £P° @%ﬁ
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