EXPERIMENTAL APPARATUS AND DIAGNOSTIC SET-UP

CHAPTER 2

DESCRIPTION OF THE
EXPERIMENTAL APPARATUS
AND DIAGNOSTICS SET-UP

2.1 The MPD thruster

2.1.1 Introduction

Magneto-plasma-dynamic thrusters (MPD) are elecugmtic
accelerators proposed for spacecraft propulsiore das is accelerated
through the action of the Lorentz force reachingassst velocities in the
range of 10-80 km/s [20]. Due to their power and tlhuration of their
operation, MPD thrusters are suitable for long miss as the
interplanetary ones [22]. At high power, criticadgmes of the MPD
thruster are observed. This limits its performandexperimental
investigations show that, beyond a critical valwscillations in the
discharge current seam to occur. At the same tiime, anode losses

increase and lead to a strong decrease of théegitic
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This section describes the optical set-up of arestigation of an
hybrid plasma MPD thruster. The investigation igied out in the frame-
work of the projectExperimental Investigation on a Magneto-Plasma-
Dynamics Thrusters for Space Applicatiorsponsored by the lItalian
Ministry of the University and the Scientific Resga(MURST-MIUR).

2.1.2 Description of the experimental apparatus

A schematic description of the experimental appardeveloped in the

laboratories of Centrospazio in Pisa is givengurfe 2.1.

Figure 2.1— Schematic drawing of the MPD thruster assembly.

It is an axisymmetric applied field Magneto-PlasbByazamic thruster
(also said Hybrid Plasma Thruster, HPT). The tlemusbnsists of a central
copper hollow cathode (20 mm diameter, 50 mm lendtirough which
70-90% of gaseous propellant is injected in thecldisge chamber, a
cylindrical aluminium anode (200 mm inner diamet&30) mm length) and
eight copper straps which divide a central chamftem peripheral
chamber. The remain part of propellant is injed¢tedugh eight peripheral

copper electrodes (12 mm diameter each). Thes&ades can be used to

44



EXPERIMENTAL APPARATUS AND DIAGNOSTIC SET-UP

pre-ionize the peripheral propellant by means afeaondary discharge
with the anode. These electrodes were not activdteohg all the tests

described herein. A 70-turns coil surrounds thadfar and can be powered
to generate a magnetic field up to 100 mT on thaster axis (figure 2.2).

Figure 2.2— Picture of the MPD thruster.

Figure 2.3— Picture of the IV3 vacuum chamber.
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The propellant is injected by two gas feeding systeone for the
central cathode and the other for peripheral caboldased on fast acting
solenoid valves, which provide gas pulses with Iqgigteau after few
milliseconds from valve activatig20]. When a steady state mass flow is
reached, the electric circuit is closed and thehdisgge takes place. A DC
generator, switched on few seconds before the aigeh supplies the
solenoid. The thruster is mounted on a thrust staside the Centrospazio
IV3 vacuum chamber shown in the figure 2.3, capaiblenaintaining a
backpressure during the pulse in thé htbar range.

A Pulse Forming Network (PFN), configured to supplyasi-steady
current pulse 2.5 ms long, provides the electrizgroto the thruster. In

figure 2.4, typical current and voltage signalssrewn.
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Figure 2.4— Discharge current and arc voltage vs. time.

2.1.3 Thruster performance

Figures 2.5 and 2.6 show the electrical charatiesiand the thrust of
the thruster under investigation. For each disahgrglse, current and

voltage were measured by averaging on 100 ms imttdle of the pulse.

46



EXPERIMENTAL APPARATUS AND DIAGNOSTIC SET-UP

The value of the thrust was obtained by a ballistethod by measuring the
impulse of the thrust. Finally, the thrust is ob&d by dividing the

measured impulse
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by the pulse duration.
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Figure 2.5— Electrical characteristic at 660 mg/s of argon.

Thus the value represents an average thrust dpuige time. Each
point in figure 2.5 and figure 2.6 is obtained asaaerage of the values

measured during four or five pulses at the samamedrnonditions.
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Figure 2.6— Thrust at 660 mg/s of argon.
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Current and voltage measurements showed a goodtadpay (the
uncertainty is within the marker dimension). Errbars on thrust
measurements include both the standard deviationtla® measurement
uncertainty (about 10% of the thrust value) [22B][ A clear increasing of
arc voltage is observed when the external magriiefid is switched on
(see figure 2.5).
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Figure 2.6— Thrust at 660 mg/s of argon.

At the contrary the thrust (see figure 2.6) is aihe same in a self-
field operation as with an applied field of 40 mp to an arc power of
about 500 kW and is lower in the latter case ahdigpower. Higher
performance is obtained with an applied field ofrBU. Nevertheless, the
thrust reaches the same value of self-field opmnadt about 900 kW.

2.1.4 Set-up of the spectroscopic measurements

The emitted radiation by the plasma is collectedahyoptical multi-
channel analyzer (OMA) coupled to a CCD camera. Waeelength range
simultaneously recorded by spectrograph is 200-11@0with a constant

spectral resolution\{(AA = 900, where\ is actual wavelength anth the
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wavelength resolution). A PCl-board permits thesniattions between the
CPU and the OMA system. The data acquisitions amtralled via

software, by which is possible to configure botk thme acquisition and
the delay time from the TTL signal that activatdse tstart of the
measurement.

For a better knowledge of the plasma conditionthis MPD thruster,

the emitted radiations are collected from differdotations. So, the
detector is placed both outside (non intrusive meamsents) and inside

(intrusive measurements) the vacuum chamber.
2.1.4.1 Non intrusive collecting probe and test conditions

The OMA detector is a compact lens system that ottal length
variable from 8 cm to 100 cm. The detector is plaoat of the vacuum

chamber at 70 cm from thruster axis. The imagedosi8 cm away from

the thruster outlet (see figure 2.7).

~

Detector

Figure 2.7- Schematic representation of the optical system
with the detector placed outside the vacuum chamber
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This is the same position of electron temperaturel aensity
measurements performed on this thruster by othsgareh group with
Langmuir probes [29], [34]. The region of the plasmbserved is a
cylinder with a circular cross section of approxieia 10 mm diameter.

Tests are performed using argon as propellantraass flow rate of
660 mg/s (600 mg/s injected through the centrahamd and 60 mg/s
through peripheral electrodes). The discharge nuiisevaried from 4 kA
to 8 kA both with and without the external appldgnetic field. Values
of the magnetic field on the thruster axis are 6f ahd 80 mT. The
exposition times are fixed at 0.5 ms. In the tablebelow the detailed test
conditions are reported. Each recorded spectrusnisverage of three

measurements at the same nominal conditions toceethe background

noise.
Discharge|  External

current | magnetic field At [ms]

| [A] B [mT]

4500 0 0-0.50.5-1| 1-1.5
6000 0 0-0.50.5-1| 1-1.5
6500 0 0-0.50.5-1| 1-1.5
7000 0 0-0.50.5-1| 1-1.5
7500 0 0-0.50.5-1| 1-1.5
4500 40 0-050.5-1] 1-15
6500 40 0-0.50.5-1| 1-15
7500 40 0-0.50.5-1] 1-15
4500 80 0-0.50.5-1| 1-15
6500 80 0-050.5-1] 1-15
7500 80 0-0.50.5-1] 1-1.5

Table 2.1 -MPD test conditions with the non-intrusive probe.

2.1.4.2 Intrusive collecting probe and test conditions

In order to collect the radiation from the ioninatichamber of the

MPD thruster, an optical probe containing the OM&ettor inserted into
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the plasma is utilized. The optical probe is realiby means of an optical
fiber, coupled to a collimator of an achromatic ldlet1 with a focal length

of 30 mm. The whole system is encapsulated in Pgi&ss tube. As shown
in figure 2.8, the probe is placed in six differ@oaisitions. The optical axis
of the probe in position 1, 2, 3, 4, 5 is paraitethe axis of the thruster. In

position 6, it is perpendicular to the thrustersaxi
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Figure 2.8- Overview of the various position of collectimggstra
by means of the optical fiber probe.

The detailed explanation of the probe dispositthe following:

1. Probe placed on the thruster axis at 80 mm fronthhester outlet
with the focal point 50 mm away from it.

2. Probe placed on the thruster axis inside the idiozahamber at 10
mm from the thruster outlet with the focal pointén away from it.

3. Probe placed in peripheral position inside theipnézation chamber
with the focal point 50 mm away from the bottontloé chamber.

4. Probe placed in peripheral position inside theipngzation chamber
with the focal point 140 mm away from the bottontloé chamber.
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5. Probe placed in peripheral position between thealianstraps with
the focal point 170 mm away from the bottom of thamber.
6. Probe placed in perpendicular position at 0 mm fribwn thruster

outlet with focal point on thruster axis.

In figures 2.9, 2.10 and 2.11, three pictures eflobe respectively in

position 6 and 5 and 2 are shown.

Figure 2.9- Picture of the probe inside the vacuum
chamber referred as position 6 in the figure 2.8.

Figure 2.10- Picture of the probe inside the vacuum
chamber referred as position 5 in the figure 2.8.
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Figure 2.11- Picture of the probe inside the vacuum
chamber referred as position 2 in the figure 2.8.

Also in this case, tests are performed using am@®rmpropellant at a
mass flow rate of 660 mg/s. The discharge cureraried from 4 kA to 8
kA both with and without the external applied magnéeld. Values of the
magnetic field on the thruster axis are of 40 afdn8T. The emitted
radiation is recorded both during the start-up preasd the regime phase of
the discharge current with different expositiongsnin the table 2.2 below

the detailed test conditions are reported.

1) (2 QG | @ | O (6)
Discharge External
current | magnetic| At At At At At At At At
I [A] field [ms] | [ms] [ms] | [ms] | [ms] | [ms] | [ms] | [ms]
B [T]
4500 0 0-0.25 0.5-0.75| 0.5-0.55| 0.5-1| 0.5-1| 0.5-1| 0-0.5/0.5-1
6000 0 0-0.25 0.5-0.75| 0.5-0.55| 0.5-1| 0.5-1| 0.5-1| 0-0.5(0.5-1
7500 0 0-0.25 0.5-0.75| 0.5-0.55| 0.5-1| 0.5-1| 0.5-1| 0-0.5/0.5-1
4500 80 0-0.25 0.5-0.75| 0.5-0.55/ 0.5-1| 0.5-1| 0.5-1] 0-0.5|0.5-1
6000 80 0-0.25 0.5-0.75| 0.5-0.55| 0.5-1| 0.5-1| 0.5-1 0-0.5|0.5-1
7500 80 0-0.25 0.5-0.75| 0.5-0.55/ 0.5-1| 0.5-1| 0.5-1] 0-0.5|0.5-1

Table 2.2 -MPD test conditions with the intrusive probe. Thenbers indicate the
positions of the probe shown in figure 2.7.
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For the probe in position 1 and 6, each recordedtspm is an average
of three measurements at the same nominal conslitroiorder to reduce

the background noise.

Figure 2.12- Picture of the coat formed on the probe.

In the other positions, the probe is highly sewsitio the impurities
present in the plasma (mostly copper due to eldeteyosion) which form
a coat on it resulting in a progressive degradatmn the probe
transparency. So, the whole sequence has been eeahp(discharge
current and external applied magnetic field) befdoe repeat the
measurement other two times. This procedure alsmifgeto evaluate

qualitatively the impact of the coat on the recdrdpectrum.
2.1.5 Imaging of the plasma plume: set-up and test conditions

The imaging diagnostic is performed by means of@ $ensicam CCD
color fast shutter camera. This CCD has got th&uusapability to extend
the exposing time till 100 ns. Its quantum effid@grhas got a peak of
approximately 40% at 500 nm: so, in this speciéise; the light recorded

comes predominantly from singly ions argon emissibis also possible to
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perform a double exposition, in order to evalu&ie telocity of potential
structures in the plasma plume. The imaging cansep@sitioned outside
the vacuum chamber in correspondence of the ieetbptical windows.
Two of them are perpendicular to the thruster akiee other one is at 45°
and enables the complete view of the ionizatiomdyex. For all positions
an F1 Canon 8-48 mm objective is used.

Only four conditions corresponding to the couplexhiarge current —
impressed magnetic field reported in the table &8 investigated. The
image is recorded both during the start-up phasktla® regime phase of
the discharge current with different expositionégsnThe trigger event is

fixed at the beginning of the rising edge of therent.

Discharge External
current | magnetic field
I TA] B [mT]
5000 0
7500 0
4500 80
7500 80

Table 2.3 -MPD test conditions with the imaging camera.

In order to point out the shape of the structucemdled in the plasma
plume, all the images are afterward elaboratedha@atcomputer with non-

linear “stretching” techniques.

2.2 The RF dischargereactor

2.2.1 Theory of dust particle formations

Nowadays, two mechanisms of dust formation in silplasmas are

generally accepted. The first model considers a$tep mechanism using
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charged particles clusters [51]-[57]. In the fipbtase primary clusters are
formed, as a result of molecular and ion polyméinsachemistry (see
figure 2.13a). Negative ions play an important ialéhe polymerization at
low pressures due to their good electric confinenagra because of high
rates of ion-induced reactions. Under the rightdtion, the primary
clusters nucleate and grow into nanometer sizetttsttes (figure 2.13b).
Once these nanometer sized particles, with flurtgdiut small positive or

negative charges, reach a critical density of*41D® m?

, a rapid
agglomeration takes place (figure 2.13c). At thel eh this phase, the
plasma contains permanently negatively chargedesiisvith a diameter of

20-50 nm at a density of ¥10"” m?*.

Figure 2.13— Schematic view of the “four-step” formation megisan of particles in
silane plasmas: (gprimary clusters, (b) nucleation, (c) agglomeratijmase and
formation of larger cluster and (b) growth due tepdsition of plasma species.

The charging of the particles is also evidencethftbe depletion of the
electron density. After the coagulation phase piicles grow steadily by
deposition of plasma species (figure 2.13d). A edcparticle formation
model favours neutral growth only by plasma polyisaron starting from
SiH, radicals [58]. Many authors have pointed out thatgas temperature

Is a critical parameter for a particle formatiordaheir growth [59]-[60].
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At increased temperatures, nano-particle nucleasatelayed in time and
at sufficiently high temperatures (above 200 °Citipl@ formation does
not proceed beyond nano-particles. These resudtsndrally obtained by
means of a detection method for small particlesedbasn laser induced
particle explosive evaporation (LIPEE) [58] and aeeently confirmed

using novel electrical measurements of plasma geltand current [59].

2.2.2 Description of the experimental apparatus

The radio-frequency (RF) discharge reactor, dewopn the
laboratories of the Department of Physics at thedkoven University of
Technology (TU/e), is schematically described ie figure 2.13. The
vacuum vessel is a grounded cylindrical stainldsgl900x of 300 mm
external diameter and 500 mm height. The plasmanfined in an internal
aluminium chamber of 140 mm internal diameter. @istance between the
electrodes is 40 mm. The upper electrode is poweaipdcitively by an RF
power supply at 13.56 MHz. The sidewalls and th#odbo are grounded.
Two thermocouples PT-100 and four heating elemetdsated
symmetrically around the upper electrode allow ateohs of gas and
electrode temperature from room temperature to °t80The 5% SiH in
Ar gas mixture flows vertically through the showeald upper electrode
and the bottom grid serving as grounded electrAdaass-flow controller
monitors the gas flow. The pressure is measuredidmitthe discharge
chamber by a Baratron capacitive gauge. Threeislitse inner cylindrical
chamber and three windows on the vacuum chambew abptical
observations of the central region of the plasmhse&dvation slits and
windows are aligned and placed at m one another. In order to avoid

spreading of the discharge outside the dischargenbbr a mesh grid
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covers each slit. The pumping system consistsposéaracuum pump and a

turbo-molecular pump achieving a base pressurenb®l§ mbar.
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Figure 2.14— Scheme of the experimental RF discharge appsratu

2.2.3 Set-up of the optical measurements

An overview of the experimental set-up is showrfigure 2.15. The
space integrated emission spectrum in the wavdieragige of 400 - 900
nm of the whole plasma region is analysed with déinek of an optical
multichannel analyser. EG&G OMA Il with a model 28 intensified
detector. An optical system of two spherical lenkgsand L, of focal
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distance of 200 mm and 80 mm respectively focusesma light on a 2

mm optical fibre.
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Figure 2.15— Overview of the electrical and optical diagnosti

The time behaviour of the first emission line of diygen Balmer
series H at 656.2 nm and Si-H (A - X°) band head at 414.2 nm are
followed. These lines are taken as representativesilane dissociation
phenomena in the plasma. Laser-light scattering bglium neon laser is
used to detect particles bigger than about 20 nnthéen centre of the
discharge. The He-Ne laser beam (5 mW) is direaimadss the reactor
through the two opposing light holes of 2 mm inndeder, which were
made in the grid-slits. The scattered light is extkéd simultaneously with

the plasma emission, perpendicular to the lasembd®athe same optical
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system described previously. In addition to the Oldystem a video
camera is used to monitor particles coming thraighsidewall slits out of

the discharge chamber.

2.2.4 Measurements of the electrical parameters

A commercial plasma impedance monitor the “SmarM"Plby
Scientific Systems, allows the measurement of tReciRrent, voltage and
phase angle in a real time regime. The voltagesatirsensor is placed in
the RF power line, between the RF reactor and Mkhgpe matching
network, about 20 cm from the upper electrode (BgA.15 and figure
2.16b).

The standard approch to sensing the current antdgeoldelivered to
the process chamber is shown schematically in dig2ri6a. The RF
current is measured by a single loop current seasorthe RF voltage by a
capacitive pickup placed near he RF power condudioe voltage sensor
Is capacitively coupled to the RF power conductudt & terminated by a
50 Q resistance. The current sensor is inductively Bl the RF power

conductor and is also terminated by a(béesistance.

Smart PIN

e W

R COM
SUQE | ésug . < >
g T To Process
———— é
Spit RF : TR e

Pawer Conductor Capacitor

Dual Current
Pl (a) Plasma

Figure 2.16— Scheme of the voltage-current sensor(a)
and layout of the electrical measurements (b).
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To reduce the effects of stray voltage pickup,@igded shield protects the
loop of the current sensor. This shield acts aaraday shield and reduces
the amount of voltage pickup that the loops detect.

The system also calculates the RF power and tr@mplampedance
and provides information about the harmonic contehtall electrical
parameters up to the fifth harmonic. A full viewtbe experimental set-up
iIs shown in the figure 2.17, in which the idens@fion of the PIM sensor

and the He-Ne laser is reported.

1 He-Ne
laser beam

Figure 2.17- Picture of the RF reactor experimental set-up.

2.2.4 Test conditions

The experiments reported here are performed in @onasilane
mixture containing 5% of silane, at a pressure.@88 mbar (100 mTorr)
and a gas flow rate of 10 sccm. The forward RF pawel0 W, which
corresponds to power density of 216 m\W/mnT .

All measurements are carried out with a constahitevaf the reflected

power corresponding at approximately 30% of thedipower.For all the
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measurements, the exposition time of the OMA sysgefixed atAt = 1 s.

Between two consecutive exposition, an intervaktiof approximately 1
second is taken.
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